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PREFACE 


The  United  States  Air  Force  Sooner  Faculty  Research  Program  (USAF-SFRP) 
ia  a  program  designed  to  introduce  university,  college,  and  technical 
institute  faculty  members  to  Air  Force  research.  This  ia  accomplished  by 
the  faculty  members  being  selected  on  a  nationally  advertised  competitive 
basis  for  a  ten-week  assignment  during  the  summer  intersaasion  period  to 
perform  research  at  Air  Force  laboratories/centers.  Each  assignment  is  in  a 
subject  area  and  at  an  Air  Force  facility  mutually  agreed  upon  by  the 
faculty  members  and  the  Air  Force.  In  addition  to  compensation,  travel  and 
coat  of  living  allowances  are  also  paid.  The  USAF-SFRP  is  sponsored  by  the 
Air  Force  Office  of  Scientific  Research,  Air  Force  Systems  Command,  United 
States  Air  Force,  and  is  conducted  by  the  Southeastern  Center  for  Electricsl 
Engineering. 

The  specific  objectives  of  the  1983  USAF-SFRP  are: 

(1)  To  provide  a  productive  means  for  Scientists  and  Engineers  holding 
Ph.D.  degrees  to  participate  in  research  at  the  Air  Force  Weapons 
Laboratory. 

(2)  To  stimulate  continuing  professional  association  among  the 
Scholars  and  their  professional  peers  in  the  Air  Force. 

(3)  To  further  the  research  objectives  of  the  United  States  Air  Force; 
end 

(4)  To  enhance  the  research  productivity  and  capabilities  of 
Scientists  and  Engineers  especially  as  these  relate  to  Air  Force 
technical  interests. 

During  the  summer  of  1983,  101  faculty  members  participated.  These 
researchers  were  assigned  to  23  USAF  laboratories/centers  across  the 
country.  This  two  volume  document  is  a  compilation  of  the  final  reports 
written  by  the  assigned  faculty  members  about  their  summer  research 
efforts. 
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PERFORMANCE  OF  IMAGE  RESTORATION  FILTERS 


IN  MACHINE  RECOGNITION 


by 

David  C.  Lai 

ABSTRACT 

Various  image  restoration  filters  are  evaluated  and  compared  based  on  their 
performances  in  machine  classification  under  a  variety  of  blur  and  noise 
conditions.  These  filters  are  analyzed  to  provide  in-sight  that  may  lead  to 
ideas  for  designing  new  filters  and  the  development  of  guidelines  for 
applications  of  these  filters  in  practice.  Experimentation  Is  designed  to 
evaluate  and  compare  performance  of  selected  filters  under  various  conditions. 
Performance  measures  appropriate  to  our  application  are  derived.  Result*  are 
reported  and  suggestions  for  further  research  are  offered. 
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1.  INTRODUCTION: 

The  Image  restoration  problem  Is  mathematically  111  conditioned,  hence  there 
Is  no  unique  solution.  A  variety  of  restoration  filters  have  been  proposed 

2,  3*  4,  5#  6#  7#  8#  notably  the  Inverse,  weiner,  parametric  wiener,  geometrical 
mean,  power  spectrum  equalization  (PSE) ,  pseudo-inverse,  homomorphic,  Kalman, 
MAP,  ML,  MEM,  median  etc  filters.  These  filters  were  designed  according  to 
different  sets  of  specific  mathematical  criteria  based  on  various  assumptions  of 
the  Image  models.  In  practice  filter  performance  varies  with  the  type  of  image, 
the  blur  and  the  noise  conditions.  It  Is  nacural  to  ask  the  following  question: 
How  well  do  the  various  filters  enhance  human  interpretation  of  the  Image  or 
facilitate  machine  recognition?  Or,  which  filter  Is  better  than  the  other  and 
under  what  conditions?  Systematic  evaluation  and  assessment  of  relative 
performance  between  filters  Is  badly  needed,  since  It  will  facilitate  judicious 
selection  of  filters  for  use  In  Air  Force  automatic  target  classification  and 
Identification  systems  using  high  resolution  reconnaissance  imagery. 
Furthermore  the  resultant  Information  will  provide  insight  and  a  sound  basis  in 
designing  new  filters  for  similar  Air  Force  image  exploitation  missions. 

This  project  concentrates  on  the  Investigation  and  evaluation  of  performance 
of  six  image  resotration  filters;  viz,  Inverse,  wiener,  parametric  wiener  (V*%), 
geometrical  mean  (rf,  *  *»>Y*  !i),  PSE,  and  median  filters.  The  basic  model  for  a 
permanently  recorded  or  observed  image  g  (x,y)  is  usually  given  as: 

J  t  x  n(-x ,  5  )  (1) 

where  s  Is  a  function  representing  the  Image  sensor  response;  H,  an  operator 
representing  the  image  formation  process;  f(x,y),  the  original  undistorted  image 
or  original  object  Images;  n(x,y),  a  random  noise  (formulated  as  either  an 
additive  er  multiplicative)  process  due  to  the  record  medium  and/or  electronic 
circuit  used  In  Image  recording.  The  goal  of  Image  restoration  is  to  retrieve 


f(x,y)  from  g(x,y).  To  be  more  precise,  the  restoration  problem  may  be  stated 
as:  given  the  recorded  and  distorted  Image  g(v.,y),  knowledge  about  the  type  of 
the  noise  n(x,y),  possibly  some  knowledge  of  the  original  image  f(x,y),  and  some 
knowledge  about  the  image  formation  in  terms  of  the  point-spread-function  (PSF), 
estimate  the  original  undistorted  image  or  original  object  intensity 
distribution  f{x,y).  The  model  given  in  Eq.  (1)  Is  too  general  to  be  useful  in 
designing  restoration  filters.  In  practice,  assumptions  and  approximations  are 
made  to  render  the  aesign  and  Implementation  of  restoration  filters  to  be 
reasonably  manageable.  In  many  Instances,  the  non-linear  function  or  operator 
Is  approximated  by  a  linear  one;  the  Image  formation  is  approximated  by 
convolution  with  a  space- Invariant  point-spread  function  (SIPSF);  and  the  noise 
is  assumed  to  be  additive  white  Gaussian.  It  is  apparent  that  the  111 
conditioned  nature  of  the  restoration  problem  together  with  the  variety  of  Image 
model,  assumptions  and  approximations,  and  mathematical  criteria  for 
optimazation  results  in  the  many  different  restoration  filters  available. 
Moreover,  It  would  be  impossible  to  test  and  evaluate  all  of  the  filters.  With 
the  desire  to  encompass  a  wide  range  of  restoration  filters  and  to  keep 
computation  within  the  support  of  "IRAMS*  (Image  Restoration  and  Manipulation 
Software)  implemented  by  PAR  Corp  for  RAOC,  the  above  six  filters  were  selected 
for  evaluation. 

Since  the  Air  Force  is  emphasizing  machine  classification  and  identification 
and  the  restoration  filters  are  Intended  to  be  used  as  preprocessor  for  a 
pattern  recognition  system,  it  seemed  more  appropriate  to  evaluate  the 
restoration  filters  based  on  how  well  they  perform  for  machine  classifiers 
rather  than  for  photointerpreters.  Most  of  Image  restoration  work  was  aimed  at 
producing  "nice  looking*  pictures  to  please  human  observers.^  However,  lack  of 
knowledge  about  the  psychophysical  processes  of  human  vision  and  a  universal 
criterion  for  "beauty*  hindered  efforts  in  a  systematic  evaluation  and 
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comparison  of  restoration  filters.  Cannon,  et  al  did  work  on  the  evaluation 
and  comparison  of  restoration  filters  based  on  a  mathematical  criterion  and  the 
judgment  of  a  panel  of  photointerpreters.  They  compared  three  filters;  via, 
Wiener,  PSE,  and  MAP.  They  concluded  that  based  on  the  subjective  quality  of 
photointerpreters,  all  filters  perform  equally  well  on  Gaussian  blurred  images 
regardless  of  signal-to-noise  ratio  (SNR)  level,  blur  severity,  or  image  type; 
however,  MAP  filter  seems  to  work  best  on  defocused  image  in  high  signal-to- 
noise  environment.  Based  on  the  particular  mathematical  criterion  (minimum  mean 
square  error),  the  Wiener  filter,  as  expected  performed  best.  Another  closely 
related  workll  aimed  at  evaluating  the  effect  of  degradation  of  images  on  photo 
interpretability  and  subjective  quality  without  any  restoration  performed  on  the 
Images.  The  criteria  which  was  used  in  measuring  the  degradation  effect  on 
human  observers  are: 

(1)  Performance  by  trained  photointerpretaters  (Pi's)  in  the  extraction  of  a 
set  of  essential  elements  of  information  from  degraded  photos,  and 

(2)  Subjective  quality  as  scored  by  the  Pi's  based  on  the  10-point  NATO 
standardized  scale. 

Their  conclusion  was,  indeed,  that  the  interpretabiity  has  been  reduced  in 
proportion  to  the  degree  of  degradation  by  both  blur  and  noise;  however,  the 
noise  had  less  effect  in  reducing  interpretability.  Somehow,  the  Pi's  can  see 
through  noise  but  not  blur.  The  subjective  quality  as  measured  by  the  NATO 
Scale  was  worsened  in  either  case  when  noise  was  increased  but  blur  was 
decreased  or  when  noise  was  decreased  but  blur  was  incresed.  For  individual 
Pi's,  the  correlation  between  subjective  quality  and  interpretability  was  low; 
however,  for  Pi's  as  a  group,  the  mean  correlation  was  high.  To  the  best 
knowledge  of  the  author,  there  has  been  no  work  reported  on  for  evaluating  image 
restoration  filters  for  machine  recognition.  However,  the  effects  of  median 
filtering  on  machine  analysis  of  Images,  for  edge  detection  ,  shape  analysis. 


and  texture  analysis  were  reported.12 
II.  OBJECTIVES: 


The  main  objective  of  this  project  Is  to  systematically  evaluate  and  compare 
the  performances  of  different  Image  restoration  filters  In  machine 
classification  so  as  to  ascertain  their  usefulness  In  facilitating  machine 
recognition.  More  specifically,  the  following  Items  were  planned: 

(1)  To  analyze  Image  restoration  filters  to  gain  Insights  that  may  lead 
to  the  development  of  guidelines  for  practical  applications  and  Ideas  for 
designing  new  filters. 

(2)  To  test  and  evaluate  s1\  restoration  filters:  Inverse,  Wiener, 
parametric  wiener,  geometrical  mean,  PSE,  and  median  filter  on  Images  of  various 
degrees  of  degradation  based  on  their  performances  In  machine  classification  of 
the  scene  1  r.  the  Image. 

(3)  To  derive  an  appropriate  performance  measure  In  order  to  quantify 
performances  of  the  filters. 

(4)  To  compare  these  filters  under  different  distortion  conditions. 
This  project  will  not  be  concerned  with  the  Interrelationship  between 
restoration  filtering,  feature  extraction  and  classifying.  In  other  words,  the 
mutual  effets  between  filters,  feature  extractors,  and  classifiers  will  not  be 
considered.  Moreover,  the  many  image  enhancement  techniques  which  , 
undoubtedly,  facilitate  machine  recognition  will  also  not  be  considered  here. 

III.  ANALYSIS  Of  IMAGE  RESTORATION  FILTERS 


The  Image  model  given  In  Eq.  (1)  provides  an  accurate  characterization  of 
Image  formation  but  It  Is  too  general  to  be  useful  for  filter  design.  For  most 
linear  filters  proposed,  the  sensor  function  s  is  approximated  by  a  linear 
function;  the  image  or  blur  operator  H  is  assumed  to  be  linear  and  represented 
by  spatial-invariant  point-spread  function;  and  the  noise  is  assumed  to  be 


I 


(2) 


additive.  Then  the  observed  image  becomes: 

where  ^signifies  two-dimensional  convolution  and  h(x,y),  the  PSF.  Six  filters 
were  chosen  for  testing  and  evaluation  as  mentioned  prevously.  The  first  five; 
viz.,  inverse,  Wiener,  parametric  Wiener,  geometrical  mean,  and  PSE  filters, 
represent  essentially  the  entire  range  of  linear  filters.  They  were  derived 
based  on  the  linear  model  given  in  Eq.  (2).  Wiener  filtering  is  perhaps  the 
most  common  restoration  method  used.  Parametric  Wiener  filtering  seems  to  give 
visibly  good  results.  13  Geometrical  mean  filtering  allows  the  inverse  filter 
to  boost  the  high-frequency  components  in  a  controlled  fashion. 14  PSE  filtering 
seems  to  give  a  pleasing  clear  picture. 15  The  sixth,  median  filter,  is  a 
nonlinear  filter  which  is  useful  for  noise  reduction  and  edge  preservation. 8 
Thus,  the  filters  chosen  for  evaluation  represent  a  wide  range  of  available 
filters.  Derivation  of  these  filters  can  be  found  in  References  (1)  and  (2)  and 
will  not  be  repeated  here.  A  brief  analysis  of  these  filters  are  given  below: 

(1)  Inverse  filter  -  Based  on  the  model  given  in  Eq.  (2)  and  the  criterion 
of  minimizing  the  norm  (i.e.,  power)  of  the  noise,  the  Inverse  filter  expressed 
as  transfer  function  Is  derived  as: 

I 


(3) 


W,(^r,«y  *  TTTmT^T 

where  H  (^x,  ^y)  is  the  optical  transfer  function  (OTF);  i.e.  the  2-0  Fourier 


transform  of  the  PSF  h(x,y)  in  Eq.  (2).  The  restored  image  is  then 

S  C.  »  -  <•) 


Using  the  operator  matrix  and  vector  notation,  it  is  seen  that 


i  -  H*Wf  +  H  «  *  H’1*  (b) 

which  gives  the  original  image  f  plus  the  transformed  noise.  In  the  absence  of 
noise  and  singularities  of  the  filter,  one  could  restore  the  distorted  image  to 
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the  original  form  perfectly.  It  is  ,  that  the  inverse  filter  concentrates  on 
regaining  the  original  image  but  d  t  ds  (even  amplifies)  the  noise.  It  is 
reasonable  to  expect  that  the  inverse  filter  will  perform  well  if  the  noise 
level  is  low  and  there  are  no  singular  values  of  H  (^x,  ty)  for  any^x  and^y. 
In  general,  OTF's  exhibit  a  low  frequency  "hump”,  and  thus  H-l  (^x,  tends  to 
boost  the  high-frequency  portion  of  an  image. 

(2)  Wiener  filter  -  Using  the  linear  model  in  Eq.  (2)  and  minimizing  the 
mean  squared  error  between  the  original  and  the  restored  image  one  obtains  the 
..-rfl'ttr, 

K  <  “» < "s >  -  lnca,,u,) c  t  (6) 

where  H  (^(,  &y)  is  again  the  OTF;  Sn  (^x/ty),  the  noise  power  spectrum  density 
(PSO);  and  Sf  (^x,  ^y),  the  PSD  of  original  (or  desired)  image.  In  practice, 
d.c.  components  in  Sn  and  Sf  are  subtracted,  if  there  is  any.  It  is  obvious 
that  Wiener  filtering  reduces  to  Inverse  filtering  In  the  absence  of  noise.  For 
this  reason,  the  nolse-to-signal  ratio  term  [  Sn/Sf  3  *n  expression  of 
Wiener  filter  may  be  viewed  as  a  modification  function  that  smoothes  the  Inverse 
filter  and  even  eases  the  problem  created  by  the  singularities  of  OTF  to  provide 
optimum  restoration  In  the  presence  of  noise.  The  restored  image  In  the 

frequency  domain  Is: 

PM,,. 

r  '  t  tm. (7) 

where  F  (^(,  ^y)  and  N  (^x,  ^y)  are  the  Fourier  transforms  of  sample  functions 

of  the  original  Image  process  and  the  noise  process,  respectively.  This  shows 

that  the  restored  image  consists  of  somewhat  distorted  original  and  reduced 

noise.  In  other  words,  Wiener  filter  does  not  concentrate  all  its  effort  in 

regaining  (deblurring)  the  original  image  but  spares  some  ammunition  for 

combat '.^g  noise  as  represented  by  the  [$n/$fl  term  in  the  denominator.  Since 

|  H  l^ar.d  [Sn/Sf*]  in  the  denominator  are  equa’^y  weighted,  the  effort  of 

Wiener  filter  in  deblurring  the  image  and  reducing  the  noise 
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is  equally  distributed.  If  it  is  desired  that  more  emphasis  should  be  put  on 

deblurring  and  less  emphasis  on  reducing  noise,  then  the  influence  of  the  £Sn/Sf] 
term  in  Eq.  (7)  should  be  reduced  so  that  the  Wiener  filter  behaves  more  like 

inverse  filter.  This  leads  to  the  idea  of  adjusting  the  effect  of  £Sn/Sf3  term 
by  multiplying  it  by  a  factor  y  in  Eq.  (6)  which  gives  rise  to  the  so-called 
parametric  Wiener  filter. 

The  presence  of  H#C^/^)in  the  numerator  of  Wiener  filter  tends  to  make  the 
filtering  biased  towards  the  low  frequency  end.  To  combat  this  low-frequency 
bias  the  so  called  geometrical  mean  filter  was  developed  and  will  be  discussed 
later. 

(3)  Parametric  Wiener  Filters  -  Although  parametric  Wiener  filter  could  be 
derived  via  the  heruistic  approach  discussed  previously,  it  does  not  provide  a 
sense  of  optimal lity  nor  insight  for  obtaining  the  best  y  value  to  multiply  to 
the  fSn/Sf  3  term*  Mathematically,  using  the  model  in  Eq.  (2)  and  minimizing  the 
effective  noise-to-signal  ratio  of  the  restored  image  subject  to  the  constraint 
that  the  residual  norm  between  the  observed  Image  and  the  reblurred  restored 
image  equal  to  the  norm  of  the  noise  results  in 


U  ...  u  . _ - 

^ (  "  > ' “  TTUwy/s-, ] 

where,  in  order  to  obtain  optimum  filtering  in  the  constrained  least-squares 


(8) 


sense,  the  factor  Jf  must  be  chosen  such  that  the  constraint  is  satisfied.  An 
algorithm  for  determining  this  y  value  exists. 18 

It  is  seen  from  Eq.  (8)  that  when  y*  1,  parametric  Wiener  filter  becomes 
Wiener  filter  and  when  Tro,  It  becomes  Inverse  filter.  Choosing  arbitrarily  a 
value  (  )  will  cause  the  Wiener  filter  either  to  behave  more  like  Inverse 
filter  (  y<|  )  or  to  combat  noise  more  vigorously  The  y  value  cannot 
be  arbitrarily  assigned  to  obtain  optimum  filtering.  It  must  be  chosen  to 
satisfy  the  above  mentioned  constraint. 
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(4)  Geometrical  mean  filters  -  From  the  previous  discussion,  it  is 
understood  that  the  inverse  filtering  regains  the  original  image  completely  in 
the  absence  of  noise  provided  the  filter  is  non-singular.  However,  in  the 
presence  of  severe  noise  and/or  filter  singularities,  the  inverse  filtering  will 
perform  badly;  it  not  only  will  amplify  noise  but  also  accentuate  both  noise  and 
Image  signal  at  the  singularities.  Wiener  filter,  on  the  other  hand,  will 
restore  the  image  (not  perfectly)  as  well  as  reduce  noise  and  it  can  never  be 
singular  in  the  presence  of  noise;  however,  it  does  tend  to  favor  the  low 
frequency  portions  of  the  Image  and  thus  loses  sharp  edges.  One  thought  is  to 
combine  inverse  filter  and  parametric  Wiener  filters  in  such  a  way  as  to 
parameterize  the  ratio  of  their  effects  on  restoration.  By  judicious  choice  of 
the  parameters,  It  is  hoped  that  the  low  frequency  dominance  of  Wiener  filter 
may  be  lessened  while  some  singularities  of  the  inverse  filter  may  be  avoided. 
Therefore,  geometrical  mean  filters  are  defined  as: 

wlthOf  o(  S  I  and  0  $  Jr  <  ao 

For  r*l  .  changes  from  a  complete  Wiener  filter  to  Inverse  filter  when 
changes  continuously  from  0  to  1.  At  the  geometric  mean  (o(  =  ^)  with 
/  ,  and  for  symmetrical  PSF;  l.e.  H  is  a  real  function  and  /^ftV^)in 

Eq.  (9)  becomes 


which  has  the  same  form  as  the  magnitude  of  PSE  filter. 

For  the  range  of  Y<l  and  any  c{  or  and  any  Y  ,  the  inverse  filtering 
effect  dominates.  On  the  other  hand,  for  and  Y>l  .  the  Wiener  filtering 
effect  dominates  the  scene.  Huntl4  showed  that,  for  moderate  blur  and  low  SNR, 


the  geometrical  mean  filter  with  <J\  =  h  and  2f  =  h  produced  good  result. 

(5)  PSE  (Power  Spectrum  Equalization)  filter  -  As  stated  earlier,  the 
inverse  filter  restores  perfectly  in  the  absence  of  noise,  provided  there  is  no 
singularity  in  the  blur  function;  however,  in  the  presence  of  noise,  it  attempts 
also  to  regain  the  image  information  in  the  noise  bands  and  thus  accentuates  the 
noise.  One  way  to  remedy  this  is  to  limit  the  gain  of  the  restoration  filter 
for  the  low  SNR  bands  of  the  image  spectrum.  Based  on  the  image  model  in  Eq. 
(2)  and  with  the  constraint  that  the  PSD  of  the  restored  image  is  equal  to  that 
of  the  original  image,  the  PSE  filter  was  derived  as:  , 

and  the  phase  is  set  equal  to  the  negative  of  the  phase  of  the  blur  spectrum. 15 
It  is  seen  that  the  design  of  this  filter  does  not  require  knowledge  about  the 
noise  (spectrum). 

The  PSE  filter  can  also  be  obtained  by  setting  o(  *  H  and  JTa  1  in  the 
design  of  geometrical  mean  filters.  Thus  PSE  filtering  has  the  combined  effect 
of  inverse  filtering  and  Wiener  filtering  In  equal  strength. 

(6)  Median  filter  -  Median  filters  are  non-linear  filters.  This  family  of 
filters  is  not  derived  on  the  basis  of  an  image  model  and  a  set  of  mathematical 
criteria.  Median  filtering  was  first  suggested  by  Tukeyl^  in  1971  for  smoothing 
time  series  and  noticed  its  property  In  prserving  large  sudden  changes  of  level 
(edges)  In  time  series.  It  has  later  been  adapted  for  use  in  Image  processing. 
Median  filtering  is  performed  by  moving  a  window  over  the  pixels  of  an  image  and 
replacing  the  pixel  at  the  center  of  the  window  by  a  pixel  whose  value  is  the 
median  of  the  original  pixel  values  within  the  window.  It  was  shown  that  median 
filtering  preserves  sharp  edges  and  is  very  efficient  in  smoothing  "salt-and- 
pepper"  noise  but  not  very  effective  in  reducing  Gaussian  noise. 8 


The  mathematical  definition  of  median  filtering  is  given  as  follows: 


hi  C  ,  y; )  =  (*; ,  )]  =  3  ( * ,♦  r ,  !jj+, )  3  (Xr,  J, )  £  w  ] 

wherewis  the  filter  window;  (  %i,^)  denotes  a  pixel  of  the  image  usually  the 
center  pixel  of  the  window  and  (  ytf  ) ,  a  pixel  inside  the  window,  r  and  s  are 
varied  to  cover  all  the  pixels  in  the  window  and  varying  i  and  j  to  move  the 
window  to  cover  another  portion  of  the  image.  The  filter  window  may  take  many 
forms  such  as  line  segments,  rectangles,  squares,  circles,  crosses,  square 
frames,  etc.  For  border  points,  the  median  is  usually  computed  on  those  points 
covered  by  the  window  (without  padding  zeros).  In  general,  the  number  of  pixels 
Inside  the  window  Is  odd;  otherwise,  the  mean  of  two  middle  points  is  taken  as 
the  median  value.  Because  of  the  difficulty  Involved  in  the  theoretical 
analysis  of  median  filters,  there  has  been  practically  no  published  results. 
However,  efficient  median  filter  algorithms  have  been  developed. 17, 18 
Furthermore  many  attempts  were  made  to  Implement  median  filters  in  hardware 
which  will  perform  in  real  time. 19.  20 

A  median  filter  was  chosen  for  evaluation  because  of  its  simliclty  In  design 
and  potential  for  VLSI  implementation.  It  should  be  noted  that  this  family  of 
filters  were  designed  mainly  for  suppresion  of  noise  while  preserving  sharp 
edges  with  no  attempt  or  regard  to  restore  a  blurred  image  to  Its  original  form. 
It  must  be  used  with  caution. 

IV.  EXPERIMENT  FOR  FILTER  EVALUATION  AND  COMPARISON: 

Because  of  time  limitation  for  this  project,  only  one  picture  was  chosen  for 
the  image  restoration  filter  evaluation  experiment.  It  is  a  section  of  an 
aerial  photo  of  a  test  site.  The  image  selected  consists  of  a  B-52  on  a 
pedestal,  shadows,  and  soil.  It  was  chosen  mainly  for  the  reason  that  the  scene 
can  be  easily  classified  by  machine.  This  image  is  shown  in  its  original 
undistorted  form  and  blurred  forms  in  Fig.  1.  The  image  size  Is  256  x  256 
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pixels.  In  order  to  create  a  diverse  group  of  distorted  images  to  allow 
different  filters  to  work  under  various  conditions,  the  image  was  subjected  to 
different  degrees  of  degradation. 

Due  to,  again  limitations  in  time,  only  one  kind  of  blur  was  chosen;  viz; 
the  blur  with  a  Gaussian  PSF.  Three  levels  of  Gaussian  blurs  with  standard 
deviations  =  3.5,  4.5  and  6.5  were  used.  The  original  and  the  three 
blurred  images  were  then  subjected  to  further  degradation  by  additive  zero-mean 
white  Gaussian  noise.  The  original  is  not  completely  noise  free.  It  has  a 
small  amount  of  noise.  Two  levels  of  additive  noise  corresponding  to  SNR  of 
12dB  and  5  dB  were  used.  Thus,  it  produced  12  images  as  our  data  base  for 
testing.  They  Include  the  original,  three  images  degraded  by  blur  only  (shown 
In  Fig.  1)  two  images  degraded  by  additional  noise  only,  and  the  rest  degraded 
by  both  blur  and  noise  in  combinations  of  degrees  of  severity.  The  degraded 
Images  were  restored  by  six  different  filters  which  are  described  in  the 
previous  section.  Thus  66  restored  Images  were  produced  along  with  the  11  test 
Images  and  the  original.  They  were  submitted  for  machine  classification.  The 
scene  of  each  of  those  images  was  classified  into  three  categories;  viz.,  metal 
(airplane),  shadow,  and  soil.  The  number  of  pixels  classified  into  each  class 
was  then  counted.  The  result  of  classification  performed  on  the  original  image 
was  taken  as  the  reference  (truth)  based  on  the  assumption  that  the  machine  can 
do  no  better  on  the  degraded  Images  than  on  the  original.  It  was  observed  that 
noise  alone  had  less  effect  on  machine  classification.  For  the  ease  to  compare 
the  effect  due  to  blur,  the  77  Images  (11  degraded  but  unrestored  and  66 
restored)  were  divided  Into  three  groups  according  to  their  noise  levels.  Each 
group  contains  28  Images  except  the  one  with  the  original  SNR  which  has  only  21 
images.  They  were  then  evaluated  and  compared  numerically  based  on  the 
performance  measures  which  will  be  described  in  next  section. 
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For  the  parametric  Wiener  filter  used  here,  t  was  arbitrarily  set  equal  to 
J*.  No  attempt  was  made  to  determine  the  best  y  value.  Similarily,  for  the 
geometrical  mean  filter,  and  value  were  arbitrarily  chosen  to  be  h  and  h, 
respectively.  Therefore,  the  results  reported  here  for  the  parametric  Wiener 
and  the  geometrical  mean  filters  are  pertinent  only  to  these  special  cases.  For 
the  median  filter,  a  3  x  3  filter  window  was  used.  No  attempt  was  made  to 
select  the  best  window  shape  and  size. 

In  the  machine  recognition  scheme,  two  features  (average  Intensity  over  a  3 
x  3  window  and  minimum  Intensity  over  a  3  x  3  window)  were  measured  and  the 
condensed  nearest  neighbor  classified  was  used.  /he  features  and  the 
classifier  were  selected  by  cut-and-try  method.  No  attempt  was  made  to  find  the 
best  features  and  the  best  classifier  for  use  on  each  of  these  images. 
Similarly,  a  set  of  training  regions  was  determined  by  cut-and-try  on  the 
original  Images  and  this  set  was  used  throughout  the  experiment  so  as  to 
minimize  the  effect  of  training  regions  used.  Undoubtedly,  one  could  better  the 
classification  performance  on  each  image  by  choosing  the  best  features, 
classifier,  and  training  regions  for  the  particular  Image,  however,  that  would 
defeat  our  purpose  of  evaluating  and  comparing  the  filters  for  facilitating 
machine  recognition.  For  our  purpose,  the  effect  on  classification  due  to 
factors  such  as  training  regions  and  features  selected,  classifier  used,  etc 
must  be  minimized.  Therefore,  In  the  strictest  sense,  our  results  pertain  only 
to  the  specific  set  of  experimental  circumstances.  However,  It  Is  felt  that  the 
results  obtained  may  be  generalized  to  other  types  of  Images,  classifiers,  etc. 
as  far  as  that  they  are  applicable. 

There  was  also  no  attempt  to  select  features  which  were  improved  or  enhanced 
by  particular  restoration  filters.  In  other  words,  the  problem  of  feature 
selection  in  relation  to  the  use  of  restoration  filters  as  preprocessor  to 
machine  recognition  was  not  addressed  here.  The  understanding  of  the 

Interrelation  between  the  preprocessor  (filters  and  enhancements)  and  the 
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feature  extractor  is  important  for  any  practical  application  of  machine 
recognition. 

Two  software  packages  were  employed  to  carry  out  the  experiment.  They  are 
"IRAMS"  (Image  Restoration  And  Manipulation  Software)  and  "AFES"  (Automatic 
Feature  Extraction  System6')  on  DEC  11/70  and  11/34;  both  were  installed  by  PAR 
Technology  Corp  for  RADC. 

V.  PERFORMANCE  MEASURE 

In  the  experiment,  after  performing  classification  on  the  images,  pixels 
classified  into  each  class  were  counted.  Comparing  directly  these  pixel  counts 
of  images  restored  by  various  filters  is  not  only  cumbersome  but  also  leads  to 
difficulty  in  ranking  the  filters.  The  conventional  percentage  of  correct 
classification  or  confusion  matrix  cannot  be  used  here  since  it  Is  not  feasible 
to  identify  each  individual  pixel  as  being  wrongly  or  correctly  clasified;  only 
the  number  of  pixels  classified  into  each  class  can  be  counted  with  little 
difficulty. 

The  deviation  of  the  pixel  counts  per  class  obtained  on  the  restored  Images 
from  those  counted  on  the  original  Image  gives  a  measure  or  the  size  of  the  area 
being  wrongly  classified.  It  was  thought  that  this  deviation  for  the  particular 
class  would  serve  as  a  figure  of  merit  to  measure  the  filter's  capability  in 
facilitating  the  clasification  of  pixels.  However,  with  a  little  more 
reflection,  the  severity  of  each  deviation  should  be  considered  since  It  Is  more 
severe  to  wrongly  classify  2  pixels  out  of  10  pixels  than  to  misclasslfy  2 
pixels  out  of  100.  Therefore,  the  misclassif ication  Index  for  the  ith  class 
was  formulated  as: 

l.  ±  -A k  ~  Hu 

^  (12) 

where  ■  no.  of  pixels  truly  belonging  to  the  1*h  class. 

Ai,  ■  no.  of  pixels  actually  classified  into  the  1th  class  by  machine. 
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In  our  case,  N*t-  is  determined  by  performing  machine  classification  on  the 
original  undegraded  image  as  discussed  before.  It  is  noted  that  £i  Has  a  range 


where  =  total  no.  ef  classified  pixels  in  the  image.  The  extreme  points 

In  the  range  Indicate  that  either  no  pixel  1$  classified  Into  the  1*h  class  or 
all  pixels  are  classified  into  it.  It  is  seen  then  that  a  negative  value  for 
signifies  that  the  i th  class  Is  underclassified  and  a  posit:  ■>  value, 
overclassified.  When  *  0,  It  Indicates  the  best  performance  for  classifying 
pixels  into  the  i*H  class.  However,  it  does  not  provide  a  single-number  as  ao 
overall  performance  measure. 

Often,  it  Is  desireable  to  have  a  single-number  index  to  gauge  the  overall 
performance  in  classifying  pixels  into  all  classes  under  consideration.  Summing 
over  i,\  would  not  do  since  that  allows  underclassification  and 
overclassification  to  cancel  each  other  but  both  kinds  of  mlsclasslflcation  are 
equally  harmful.  A  meaningful  overall  performance  measure  is  thus  defined  as 

i  x  /  v  § 

where  n  designates  the  number  of  clases. 

This  measure  has  a  theoretical  range  of 

0  £  t  < 

where  €  max  is  derived  under  the  worst  sltritlon  when  every  pixel  is  classified 
Into  the  class  of  the  smallest  size.  Let  be  the  number  of  pixels  In  the 
smallest  class,  then 

<»> 

However,  In  practice,  it  is  more  likely  that  every  pixel  is  swamped  Into  the 


class  of  the  largest  size.  In  that  case,  the  largest  value  of£  that  will  ever 
result  will  be  less  than  the  £max  in  Eq.  (14).  A  practical  range  of  £  values  is 

0  *  £  s  ("-*>  + 

where  Nc^  is  the  number  of  pixels  in  the  largest  class.  Therefore,  in  order  to 
apprehend  the  significance  of  the  values  for  £  ,  one  should  always  analyze  the 
range  of  £  values  that  may  arise  in  any  particular  application.  This  realistic 
maximum  value  may  be  used  to  normalize  £  so  that  the  index  varies  between  0  and 
1.  The  best  performance  occurs  when£=  0.  This  misclassif Ication  index  gives  a 
good  indication  of  the  performance  of  a  filter  pertinent  to  the  machine 
classification  for  all  'K  classes  under  consideration. 

Both  types  of  the  misclassif ication  indices  were  used  herein.  The  class-by¬ 
class  Index  was  employed  to  evaluate  and  compare  the  image  restoration  filters 
for  their  capability  In  aiding  the  classification  of  pixels  into  a  particular 
class;  the  overall  measure  was  used  to  evaluate  and  compare  the  filters  for 
their  overall  performance  In  classification  for  all  the  classes  under 
consideration. 

VI.  RESULTS  AND  DISCUSSIONS  -  The  numerical  evaluation  and  comparison  Is  based 
on  the  mlsclasslfication  indices  (classification  errors)  described  in  the 
previous  section.  These  results  are  presented  in  Tables  I,  II,  II,  and  IV.  The 
values  of  Table  I  represent  the  classification  errors  for  the  metal  (airplane); 
those  of  Table  II,  the  errors  for  the  soil;  those  of  Table  III,  the  errors  for 
the  shadow;  and  the  values  of  Table  IV,  the  classification  errors  for  all  three 
classes.  The  consistency  and  patterns  exhibited  by  these  values  show  the 
utility  of  the  performance  measures  derived.  The  range  for  the  values  of  each 
table  is  listed  below: 
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Table 

Ranqe 

I 

-1  ~  6.0115 

II 

-1  0.3304 

III 

-1~  8.4608 

IV 

0-^  10.4608 

The  range  for  the  overall  misclassification  index  (Table  IV)  was  computed  based 
on  the  assumption  that  every  pixel  would  be  classified  as  shadow  when  the  image 
is  hopelessly  degraded.  In  all  cases,  a  zero  value  indicates  the  best 
performance.  Hence,  the  closer  to  zero  the  index  value,  the  better  the 
performance. 

The  metal  is  much  brighter  than  soil  or  shadow.  It  is  easier  to  classify. 
However,  shadow  and  soil  are  quite  similar  to  begin  with  and  become  more  alike 
after  degradation  of  the  image.  They  are  much  harder  to  separate.  It  is  seen 
from  Table  I  that  practically  all  of  the  filters  facilitated  the  classification 
of  pixels  Into  metal  under  any  distortion  condition.  From  Tables  II  and  III,  it 
Is  seen  that  the  performances  of  filters  are  not  clear  cut;  some  of  them 
facilitated  the  Classification  for  soil  at  the  expense  of  shadow  and  vice  versa. 
For  example,  Wiener  filter  improved  the  classification  of  pixels  Into  soil  and 
shadow  at  all  noise  levels  and  blur  severities  of  (JJJ*  4.5  and  6.5;  however,  at 
SHR  *  12  db  and  CTj^  •  6.5,  it  did  not  Improve  the  soil  classification  but 
helped  greatly  for  the  shadow  classification;  on  the  other  hand,  at  SHR  •  5  dB 
and  «  4.5  it  performed  well  for  the  soil  but  badly  for  the  shadow.  For 
the  overall  performance;  i.e.,  facilitating  the  classification  for  all  three 
classes.  It  is  seen  from  Table  IV  that  at  high  noise  level  and  severe  blur,  all 
filters  except  the  inverse  and  parametric  Wiener  filters  improved  overall 
classification.  The  behavior  of  inverse  filter  at  high  noise  level  and  severe 
blur  Is  expected.  The  erratic  performances  of  parametric  Wiener  (PW)  and 


geometrical  mean  (GM)  filters  proved  *qa1n  the  Importance  of  selecting  the  if 
value  (for  the  PW  filter)  and  the  and  Y  values  (for  the  GM  filter).  The 

value  for  Y  used  for  PW  filter  here  does  not  seem  to  work  well  for  high  level 
of  noise  and  severe  blur  condition.  The  PSE  filter  has  the  worst  record 

(3.5845)  among  all  the  filters;  this  occurred  at  the  original  SNR  and  blur  of  0^ 
■  6.5.  It  did  Improve  metal  classification  but  mlsclasslf led  many  soil  pixels 
Into  the  shadow  class.  As  mentioned  earlier,  the  PSE  filter  limits  the  gain  for 
the  low  SNR  bands  of  the  Image  spectrum.  After  severe  blur,  at  the  original 
SNR,  the  SNR  of  the  soil  band  became  relatively  lower.  Hence,  many  soil  pixels 
became  darker  and  thus  *ere  classified  as  shadow. 

The  median  filter  (3x3  window)  Improved  the  classification  of  metal  for 
images  of  high  noise  and  severe  blur;  for  classification  of  shadows  and  soil, 

Its  performance  was  mixed.  This  Is  In  line  with  Its  character  in  preserving 
contrast  while  reducing  noise.  It  also  showed  good  overall  performance  In 
facilitating  classification  of  pixels  Into  all  three  classes. 

Examining  Table  IV,  filters  did  not  help  under  noise  alone  situation  though 
supposedly  that  filters  had  filtered  out  noise.  This  shows  that  noise  alone  has 
little  effect  on  classification.  The  filters  Improved  classification  In  the 
situations  when  high  noise  and  severe  blur  were  combined.  These  results  agree 
somewhat  with  the  results  reported  In  Ref.  11  for  human  observers  as  stated  In 
Sec.  I  of  this  report.  Of  course,  the  results  obtained  could  be  due  to  the 
characteristics  of  our  particular  features  (measurements)  used  in  the  pattern 
recognition  system.  Any  generalization  of  our  results  must  be  taken  with 
caution. 

For  ease  of  comparison,  graphs  may  be  constructed  from  the  tables.  A 

typical  graph  is  shown  In  Fig.  2.  The  graph  represents  the  group  of  Images  at 


12  db  SNR  In  Table  IV  which  portrays  the  overall  classification  performance. 
The  abscissa  of  the  graph  shows  the  blur  severity  mesured  in  the  standard 
deviation  of  the  Gaussian  blur  and  the  ordinate  represents  the  relative  overall 
classification  error  within  the  group.  The  graph  shows  that  the  Wiener  filter 
performed  well  for  all  blur  severities  at  12  dB  SNR;  the  geometrical  mean  filter 
W  *  *l,  X*  h)  Is  best  for  the  blur  of  0^  *  4.5  at  12  dB  SNR;  the  PSE  and 
Wiener  filters  performed  at  about  the  same  level  under  the  most  severe  blur;  the 
Inverse  filter  did  not  work  well  for  the  most  severe  blur  at  this  noise  level  as 
expected;  the  parametric  Wiener  filter  did  not  perform  well  because  the  Rvalue 
used  here  Is  not  suitable  for  this  combination  of  blur  and  noise;  the  median 
filter  did  not  help  at  all  since  there  were  no  sharp  boundaries  between  shadows 
and  soil.  It  also  shows  that  even  at  this  noise  level  filtering  did  not  Improve 
classification  for  less  severe  blur.  It  seems  that  the  line  connecting  all  the 
UR  (unrestored)  points  In  the  graph  and  the  line  through  the  middle  of  the 
filters  intersects  at  (J^  »  3.5.  In  other  words,  at  this  noise  level  for  a 
blur  less  severe  than  a  Gaussian  blur  of  CTJ^  «  3.5,  one  should  not  use  Image 
restoration  filter  to  facilitate  machine  classification.  Other  graphs  can  be 
constructed  for  groups  of  other  noise  levels.  They  show  similar  patterns  of 
behavior  except  that  most  of  the  filters  Improved  classification  for  less  severe 
blur  at  high  noise  level.  The  Wiener  filter  had  the  most  steady  predictable 
performances. 

In  summary,  the  major  objective  of  this  project  was  to  evaluate  and  compare 
various  Image  restoration  filters  In  facilitating  machine  classification.  The 
experimental  method  used  applied  a  variety  of  filters  to  images  containing 
various  degrees  of  degradation  with  the  aim  to  determine  under  what  conditions  a 
given  filter  performed  the  best.  The  performance  was  determined  by  how  well  the 
machine  classified  the  filter  restored  Image.  Results  were  obtained  for  a  very 


specific  pattern  recognition  system.  Hence,  caution  must  be  exercised  in 
generalizing  our  results.  It  may  be  categorically  stated  that  the  image 
restoration  filtering  should  be  employed  under  a  combination  of  high  noise  level 
and  moderate  or  severe  blur,  and  the  combination  of  low  noise  and  severe  blur, 
furthermore  care  must  be  taken  in  selecting  the  filter  for  use. 

VII.  RECOMMENDATIONS; 

Since  the  image  restoration  filtering  problem  is  mathematically  ill- 
conditioned,  there  is  no  unique  solution.  Traditionally,  the  selection  of  a 
specific  solution  from  the  infinite  family  of  solutions  was  guided  by  some 
mathematical  or  ad  hoc  criterion  or  criteria  22  $uch  as  minimum  mean  square 
error,  edge  preservation,  etc.  The  results  of  filtering  were  judged  by  human 
observers  based  on  subjective  quality  or  interpretability  of  the  filtered 
images.  However,  in  most  machine  pattern  recognition  problems,  the  features 
(measurements)  and  classifiers  were  selected  based  on  the  criterion  of  minimizing 
mlsclassification  or  maximizing  correct  recognition  if  feasible,  compatibility 
between  classifier  and  features,  or  convenience.  Therefore,  in  order  to  design 
restoration  filters  to  facilitate  machine  recognition,  a  recommendation  for 
future  research  is  made  as  follows: 

(1)  To  solve  the  filtering  problem  based  on  a  selected  set  of  features 
(measurements)  to  be  used  in  the  machine  recognition  system. 

Since  there  exists  a  variety  of  image  restoration  filters  as  attested  in 
previous  sections,  it  Is  natural  to  ask  what  features  do  these  filters  enhance 
so  that  the  appropriate  features  may  be  extracted  for  use  in  the  machine 
recognition  system.  The  second  recommendation  Is: 

(2)  To  determine  the  set  of  features  enhanced  by  a  specific  filter  or  a  set 


of  filters. 

As  the  cliche  goes  "The  proof  of  the  pudding  is  in  the  eating";  the  performance 


of  a  machine  recognition  system  should  be  examined  in  total.  It  is  important  to 
understand  the  interrelation  between  filters  (as  preprocessors),  feature 
extractors,  and  classifiers  in.  order  to  improve  upon  the  performance  of  the 
system  as  a  whole.  A  more  fundamental  problem  for  follow-on  research  is: 

(3)  To  study  how  image  restoration  filters  or  enhancement  techniques 
interrelate  with  feature  extractors  and  classifiers. 

Recommendations  for  other  follow-on  research  include: 

(4)  To  evaluate  and  compare  filters  realized  in  different  forms  such  as 
various  FIR  and  IIR  implementations  since  in  practice  any  image  restoration 
filters  must  be  implemented  in  one  form  or  another. 

(5)  To  design  adaptive  filters  to  adapt  to  the  changing  conditions  of  the 
feature  extractor. 

(6)  To  study  the  effect  of  median  filter  window  shape  and/or  size  on  the 
filter's  performance  in  machine  recognition. 


TABLE  I  -  RELATIVE  CLASSIFICATION  ERORS  FOR  METAL  (AIRPLANE) 


SNR 

UR 

I 

W 

PW 

GM 

PSE 

M 

Original 

2.5 

-.0462 

-.0414 

-.0678 

-.0724 

-.0625 

-.0371 

-.0722 

4.5 

-.1500 

-.1373 

-.0623 

-.1349 

-.0884 

-.1399 

-.1514 

6.5 

-.3528 

-.1442 

.0593 

.1499 

-.0645 

-.0434 

-.1544 

12dB 

0 

.0051 

.0063 

-.0024 

-.0007 

.0001 

.0077 

.0255 

2.5 

-.0536 

-.0619 

-.0422 

-.0416 

-.0383 

-.0413 

-.0287 

4.5 

-.1470 

-.0926 

-.1148 

-.1446 

-.1299 

-.1438 

-.0750 

6.5 

-.2032 

.0221 

-.2209 

-.2237 

.0623 

-.1970 

.1560 

5  dB 

0 

.0136 

.0077 

.0221 

,0111 

.0020 

.0392 

.0506 

2.5 

-.0298 

-.0065 

-.0092 

-.0169 

-.0102 

-.0021 

.0225 

4.5 

-.1314 

-.0635 

-.0996 

-.0758 

- t 1936 

-.0810 

-.0290 

6.5 

-.1920 

-.2238 

-.1467 

.0315 

-.0980 

-.2447 

-.1256 

Range:  -1.000^6.0115 

°V  standard  deviation  of  Gaussian  blur 

UR:  Unrestored 

I:  Inverse  filtering 

W:  Wiener  filtering 

PW:  Parametric  Wiener  filtering  (  *  !*) 

6M:  Geometrical  Mean  filtering  (  *  **,  -  »*) 

PSE:  Power  spectrum  equalization  filtering 
M:  Median  filtering 

Neg.  No.:  Underclasslfled 
Pos.  No.:  Overclasslf led 
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Original 

2.5 

.0125 

.0029 

.0150 

.0115 

.0168 

.0112 

.014 

4.5 

.0348 

.0322 

.0162 

.0383 

-.0121 

.0303 

.037 

6.5 

-.0345 

.0172 

.0026 

-.1601 

-.1312 

-.4293 

.035 

12dB 

0 

-.0020 

.0182 

.0036 

.0053 

.0105 

.0025 

-.0089 

2.5 

.0141 

.0212 

.0175 

.0207 

.0209 

.0250 

.0131 

4.5 

.0497 

.0330 

.0367 

.0389 

.0245 

.0382 

-.0380 

6.5 

-.0233 

-.1106 

.0642 

-.1082 

-.0611 

.0064 

-2215 

5  dB 

0 

-.0047 

-.0039 

.0157 

.0095 

.0081 

-.0035 

-.004: 

2.5 

.0185 

.0114 

-.0116 

-.0086 

.0029 

.0129 

.012 

4.5 

.0300 

.0216 

.0125 

-.0093 

.0476 

.0043 

.018- 

6.5 

-.0683 

00 

SO 

VO 

o 

. 

1 

-.0207 

-.1479 

-.0262 

-.0475 

-.0101 

Range:  -1.000  ^  0.3304 
Symbols  explained  in  Table  I. 
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Original 


TABLE  IV  RELATIVE  CLASSIFICATION  ERRORS  for  ALL  THREE  CLASSES 


SNR 

UR 

I 

W 

PW 

GM 

PSE 

M 

Original 

2.5 

.0350 

.0798 

.0977 

.0996 

.1144 

.0779 

.0889 

4.5 

.2382 

.2135 

.1100 

.2741 

.3060 

.1966 

.2495 

6.5 

.5832 

.2323 

.1604 

1.2466 

1.2162 

3.5845 

.2358 

12  dB 

0 

.0145 

.1641 

.0286 

.0427 

.0857 

.0387 

.0635 

2.5 

.0960 

.1507 

.1270 

.1538 

.1559 

.1881 

.0958 

4.5 

.3801 

.2355 

.2577 

.2652 

.1553 

.2593 

.4844 

6.5 

.6663 

.8891 

.4435 

1.4031 

.4741 

.4237 

1.7420 

5  dB 

0 

.0337 

.0292 

.1789 

.1031 

.0706 

.0708 

.0929 

2.5 

.1393 

.0903 

.1155 

.1093 

.0197 

.1040 

.1558 

4.5 

.5539 

.1532 

.3366 

.2533 

.3183 

.1643 

.1388 

6.5 

1.0049 

1.0678 

.5123 

1.1885 

.4427 

.9602 

.3809 

Range:  0  ~  10.4608 
Symbols  explained  In  Table  I. 


Ranking  of  tjh«  filters  bksed  -ofc  their  ovarii  1 
classtflcatllon  perforaanfces  obtained  from  the  dajta 
of  the  group  of  Images  of  12  dfe  SHR  ttn  TaWe  IV. i 
Syebols  explained  In  Tabfle  I.  j 
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Blur  severity 


4.5 
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ABSTRACT 


An  assessment  of  the  fault  tolerant  merits  of  the  hardware  and  software 
designs  of  two  proposed  Integrated  Communication  Navigation  Identification 
Avionics  (ICNIA)  terminals  was  made.  The  ITT  candidate  system  is  a 
"software  radio"  utilising  transversal  filters  to  convert  froa  carrier 
to  baseband  frequencies.  The  TRW  candidate  system  design  is  a  conventional 
superhetrodyne  radio  system  utilizing  mixing  and  downcorversion.  Classical 
fault  tolerance  Implies  component  redundancy  for  the  entire  system;  however 
in  ICNXA-fault~tolerance  the  comunleatlon  navigation  Identification  (CNI) 
system  functions  are  prioritized  and  the  most  critical  functions  are  preserved 
at  the  expense  of  less  critical  ones.  The  ITT  sod  TRW  architectures  represent 
a  first  step  In  the  application  of  the  principles  of  fault  tolerance  to 
avionics  CNI  system  design.  Suggestions  are  offered  for  further  research  In 
this  area. 
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I.  INTRODUCTION 


The  Integrated  Communication,  Navigation,  Identification  Avionics  (ICNIA) 
program  la  an  Avionics  Laboratory  effort  aimed  at  reducing  total  size,  weight, 
and  cost  of  CNI  radio  equipment.  Although  space  limitations  of  tactical 
aircraft  provide  the  driving  ICNIA  design  requirements,  the  resultant  ICNIA 
size,  weight,  and  cost  savings  also  are  applicable  to  larger  aircraft. 

ICNIA  now  offers  a  single  Integrated  CNI  system,  compatible  with  the 
multiplexed  Interface  of  today's  military  avionics  while  retaining  the  present 
standard  CNI  waveforms.  ICNIA  will  contain  many  "building  block  stages," 
which  by  means  of  processor  controlled  matrix  switches  can  be  configured  to 
receive  or  transmit  standard  CNI  signals  in  the  2-MHz  to  2-GHz  portion  of  the 
radio  spectrum. 

The  control  processor  accomplishes  I/O  with  the  remainder  of  the  avionics 
system  via  a  multiplex  bus.  It  selects  the  configuration  of  the  building 
blocks  thereby  controlling  which  CNI  functions  are  active.  In  the  event  of  a 
function  failure  the  control  processor  has  the  capability  of  substituting 
redundant  equipment  or,  if  necessary,  of  reconfiguring  the  building  blocks  to 
regain  the  use  of  a  function  at  the  expense  of  a  lower  priority  function.  The 
reliability  of  each  CNI  function  is  thus  Increased  by  reconfiguration  so  that 
essential  functions  are  maintained. 

ICNIA  possesses  the  following  advantages  over  discrete  function  CNI 
subsystems: 

a.  A  single  system  that  eliminates  the  requirement  for  many 
dedicated  CNI  functions  with  duplicative  hardware, 

b.  Increased  CNI  functional  reliability  due  to  reconfigurability, 

c.  Space,  welf.  t,  power,  and  cooling  savings  brought  about  by  a 


reduction  of  hardware. 


Fault  tolerance  is  the  unique  attribute  of  a  system  which  It 

possible  for  the  system  to  continue  with  its  program-specified  behavior  after 
the  occurrence  cf  faults  (malfunctions  or  failures  of  physical  parameters)*. 
Fault  tolerance  is  a  vitally  important  and  desirable  property  that  ICNIA 
should  possess,  since  it  is  the  survival  attribute  that  will  enable  the  ICNIA 
system  to  maintain  its  specified  behavior  despite  hardware  or  software 
failures. 

Two  conceptual  design  architectures  for  an  integrated  communication, 
navigation,  identification  radio  system  have  been  developed;  one  by  ITT 
Avionics,  Inc.,  and  the  other  by  TRW,  Inc.  Both  include  some  degree  of  fault 
tolerance  in  their  hardware  and  software  designs;  but  prior  to  this 
paper  no  comparative  analysis  of  each  had  been  performed  to  determine  their 
relative  fault  tolerant  merits. 

An  assessment  of  the  fault  tolerant  merits  of  the  hardware  and  software 
design  in  each  proposed  ICNIA  was  the  goal  of  this  work. 

II.  OBJECTIVES 

The  project  had  three  objectives: 

A.  To  determine  general  desirable  standards  for  fault  tolerant 
hardware  and  software  designs, 

B.  To  assess  the  planned  fault  tolerant  features  of  the  current 
system  definition  phase  for  the  ITT  and  TRW  designs, 

C.  To  make  recommendations  regarding  the  fault  tolerant  features  to 
be  Implemented  in  the  hardware  and  software  of  the  Advanced 
Development  Models. 


56-5 


•  *  %■  *.'  *■*  A  -  .*•  m 

•-*  t.' 


tVt  A  a  A  JV 


III.  GENERAL  FAULT  TOLERANT  SYSTEMS  AND  STANDARDS 

The  criteria  for  avionics  fault  tolerance  are  that  it  be  cost  effective, 
not  add  to  size  or  weight,  be  as  simple  as  possible  consistent  with  meeting 
desired  reliability  goals,  and  not  introduce  additional  faults  and  errors. 

Reliability  should  first  be  attained  by  prior  elimination  of  all  possible 
causes  of  failure.  The  first  step  consists  of  fault  intolerance.  Fault 
intolerance  mandates  the  use  of  high  reliability  components  and  extensive 
testing.  The  second  step  is  to  provide  redundancy  to  raise  system  reliability. 

Effective  fault-tolerant  systems  may  be  designed  following  a  systematic 
design  methodology  that  can  be  summarized  in  five  steps:  1)  specify  system 
architecture  without  fault  tolerance;  2)  identify  classes  of  faults  that  are 
to  be  tolerated;  3)  select  cost-effective  forms  of  protective  redundancy  to 
cover  the  identified  faults;  4)  estimate  the  effectiveness  of  the  redundancy 
by  analytic,  simulation,  or  experimental  techniques;  5)  devise  checkout 
methods  to  test  the  redundant  features  of  the  system.  In  practice,  several 
iterations  of  steps  (3)  and  (4)  are  usually  needed  to  arrive  at  a  satisfactory 
design. 

Reliability,  maintainability,  and  fault  tolerance  must  be  designed  into 
the  basic  system.  After  the  fact,  "add-on"  concepts  rarely  accomplish  the 
desired  goals. 

Two  basic  methods  of  recovery  are  utilized.  Hardware-controlled  recovery 
is  implemented  by  means  of  modular  replacements  or  reconfiguration. 
Software-controlled  recovery  depends  on  special  programs  to  carry  out  recovery 
after  faults  are  detected. 

Faults  should  be  detected.  Isolated,  and  eliminated.  The  system  must 


then  be  rechecked  to  confirm  that  the  fault  is  no  longer  present. 

Critical  points  and  critical  equipment  must  be  identified  and  duplicated. 


2 

The  choice  of  failure  unit  is  crucial  .  Its  size  and  complexity  must  be 
neither  too  large  nor  too  small.  The  replaceable  units  or  modules  should  be 
self-testing,  if  possible.  The  levels  of  redundancy  of  the  various  elements 
must  be  chosen  to  be  consistent  with  required  levels  of  reliability, 
maintainability,  and  performance. 

The  data-processing,  control,  and  internal  communications  conf iguration 

should  be  extremely  reliable,  maintainable,  and  flexible.  The  system  must 

establish  a  hierarchial  organization.  The  levels  of  redundancy  of  the  various 

elements  must  be  chosen  consistent  with  required  levels  of  reliability  and 

maintainability.  The  data  processing  system  control  language  used,  and  the 

3 

software  employed  should  be  fault  tolerant  . 

IV.  FAULT  TOLERANT  FEATURES  OF  THE  ITT  ARCHITECTURE 

4 

The  ITT  architecture  consists  of  six  LRU’s  (Line  Replaceable  Units). 
There  are  four  categories  of  LRUs:,  the  RF  (radio  frequency)  LRU,  the  digital 
LRU,  the  HF  transmitter,  and  the  HF  antenna  coupler. 

The  RF  LRU  is  not  entirely  duplicated.  Its  two  receiver-transmitter 
units  are  similar  but  not  identical.  Two-thirds  of  the  RF  modules  in  each  RF 
LRU  are  duplicated  to  provide  redundancy  for  the  highest  priority  functions. 
The  L-Band  transmitter  and  front  ends  are  duplicated  for  IFF  and  TACAN  only, 
however  VHF/UHF  reception  and  transmission  are  duplicated. 

The  digital  LRU  is  duplicated.  Within  the  digital  LRU's  the  data 
processor,  vector  processor,  programmable  controller,  and  programmable  digital 
matched  filter  modules  are  duplicated. 

The  system  is  a  "software  radio"  and  its  design  proposes  initially  the 
use  of  the  J73  language  and  later  Ada.  It  uses  the  MTL-STD-1750  instruction 
set,  and  the  MIL-STD-1553  digital  data  bus  interface.  It  provides  immediate 


A/D  conversion  from  baseband  and  is  based  upon  all  digital  signal  processing. 
It  utilizes  a  digitally  controlled  transversal  filter  for  direct  tuning. 

The  fault  detection  and  reconfiguration  (FDR)  software  design  is  similar 
to  TIES^  (Navy  Tactical  System  Information  Exchange).  The  allocation  of 
hardware  system  resources  will  use  a  pre-stored  linkage  table  or  set  of  chain 
rules  which  specify  the  various  resources  necessary  to  provide  a  CNI  function. 
The  FDR  software  is  to  be  stored  in  each  data  processor  unit.  When  an  error 
condition  is  detected  control  will  be  transferred  to  unaffected  FDR  programs. 

The  FDR  software  should  be  designed  to  Isolate  the  problem  and  select  the 
optimum  configuration  for  the  remaining  resources  based  on  mission  priorities. 

Fault  tolerance  and  fail-soft  capability  are  very  important  aspects  of 
data  processor  design.  Each  DPU  (data  processing  unit)  is  independent.  When 
faults  occur  the  DPUs  should  be  capable  of  supporting  the  top  priority 
functions  of  the  system  (possibly  with  a  reduction  in  throughput  below  normal 
maximum  load).  Within  each  DPU,  duplicate  devices  and  alternate  bus  paths 
should  provide  fail-soft  capability.  If  any  device  shuts  down,  part  of  its 
work  load  should  be  absorbed  by  the  spare  capacity  of  a  matching  counterpart. 
After  a  hard  failure,  system  capacity  will  have  to  be  evaluated.  The  system 
should  then  be  reconfigured  by  reassigning  tasks  to  the  DPUs. 

The  design  Includes  vector  processed,  high  speed  computations  on 
structured  data  streams.  An  example  of  this  is,  digital-filtered  functions. 

The  ITT  system  plans  extensive  implementation  of  VLSI/VHSIC  (Very  High 
Speed  Integrated  Circuit)  technology.  The  vector  and  data  processors  will 
utilize  VHSIC  modules. 
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V*  FAULT  TOLERANT  FEATURES  OF  THE  TRW  ARCHITECTURE 


The  TRW  design  is  a  conventional  superheterodyne  radio.  Its 
architecture^  is  organized  as  a  collect-*  a  of  resource  pools,  which  are 
dynamically  allocated  resources.  It  consists  of  7  LRUs. 

Each  resource  pool  contains  a  number  of  identical  elements  that  are 
available  on  a  highly  flexible  basis.  The  pooled  elements  are  line  replaceable 
units  or  modules,  within  the  avionics  system.  All  internal  fault  isolation  is 
carried  to  the  level  of  these  units.  Maintenance  and  logistics  procedures  are 
designed  around  them  as  basic  system  elements.  In  addition,  the  pooled  units 
or  basic  building  blocks  are  hierarchically  interconnected  to  perform  the 
necessary  avionics  system  functions. 

Three  types  of  maintenance  modes  are  envisioned6.  Non-disruptive 
self-testing  involves  the  real-time  monitoring  of  appropriate  test  points 
to  determine  subsystem  health  dynamically.  This  represents  the  fcuilt-ln-test 
(BIT).  These  tests  are  non-disruptive  in  that  they  involve  no  changes  in 
configuration  and  will  not  interfere  with  ongoing  ICNIA  signal  and  data 
processing.  A  second  test  is  disruptive  self-testing.  It  provides  more 
detailed  and  diagnostic  information.  It  is  a  closed-loop  test  and  can  require 
some  ICNIA  reconfiguration  and  the  preemption  of  other  processing  tasks.  A 
third  supplementary  test  mode  consists  of  a  final  inventory  of  system  health 
information.  This  is  part  of  the  data  processing  tasks  for  each  relevent 
ICNIA  system. 

Non-disruptive  and  disruptive  self-testing  are  conducted  by  maintenance 
control  algorithms^.  This  information  must  include  mode  select  commands  to 
enable  reconfiguration.  Failures  are  to  be  detected  and  Isolated  by  extensive 
built-in  computer-controlled  performin'*"!  monitoring,  designed  for  real  time 
fault  detection,  Isolation,  and  system  reconfiguration.  The  data  processing 


tasks  are  to  be  partitioned  between  the  ICNIA  subsystem  and  the  core 
9 

avionics  .  Of  the  various  options,  desirable  partitionings  will  be  determined 
in  the  course  of  the  ADM  design.  The  terminal  will  be  designed  to  interface 
with  a  MIL-STD-1553B  multiplex  bus,  and  to  be  compatible  with  future  high 
speed  digital  or  analog  buses. 

It  is  desirable  for  some  degree  of  system  autonomy  to  support  stand-alone 
operation  and  test.  The  physical  location  of  the  redundant  backup  data 
processor  shold  be  considered. 

The  TRW  system  proposes  extensive  use  of  VLSI/VHSIC.  In  particular,  the 

design  Incorporates  the  use  of  VHSIC  technology  in  the  matrix  switch  signal 
10 

processors  . 

VI.  RECOMMENDATIONS  REGARDING  FAULT  TOLERANT  FEATURES  TO  BE  IMPLEMENTED  IN 
THE  ITT  AND  TRW  ARCHITECTURES 

The  terminals  outlined  in  Sections  IV  and  V  represent  interim  designs. 
Careful  consideration  should  be  given  to  desirable  fault  tolerant  criteria  and 
practices  for  the  next  design  stage.  In  the  present  designs  these  are 
outlined  but  should  be  further  developed.  Fault  tolerance  should  be  an 
Integral  part  of  the  designs.  Despite  size,  weight,  and  cost  constraints, 
basic  fault  tolerant  criteria  can  be  applied  in  the  following  sense.  ICNIA  is 
a  complex,  time  varying,  integrated,  reconf igurable  system.  It  involves 
several  types  of  aircraft,  different  missions,  and  different  functions. 

During  the  various  mission  segments,  the  equipment  for  noncritical  functions 
can  be  considered  redundant  backup  for  the  critical  functions.  With  this 
viewpoint  In  mind,  standard  fault  tolerant  practices  can  be  applied.  A 
careful  analysis  should  be  made  via  probability  models  to  insure  that 
sufficient  equipment  redundancy  is  provided  for  the  critical  functions  in  each 


mission  segment.  Levels  of  redundancy  for  the  various  elements  must  be  chosen 
consistent  with  required  levels  of  reliability,  maintainability,  and 
performance. 

The  first  step  in  fault  tolerance  design  consists  of  fault  intolerance. 
There  should  be  prior  elimination  of  the  causes  of  failure  by  selection  of 
reliable  components  and  appropriate  testing. 

Since  fault  tolerance  is  an  integral  part  of  che  ICNIA  system  design,  the 
entire  system  including  the  fault  tolerant  implementation,  should  be  subjected 
to  hardware,  computer,  software,  and  human  factor  fault  tolerance  tests.  The 
tests  should  consist  of  reliability  and  performance  tests  using  mathematical 
models,  simulation  models,  and  actual  hardware. 

When  it  is  certain  that  the  system  is  one  hundred  percent  healthy,  it 
should  be  subjected  to  representative  scenario  testing,  as  determined  by 
operational  doctrine,  to  develop  confidence  that  the  ICNIA  terminal  will 
satisfy  the  criterion  of  10,000  hours  mean  time  between  critical  failure 
(MTBCF) .  A  critical  failure  is  the  inability  to  perform  a  CNI  function  during 
any  part  of  a  mission  that  is  necessary  for  mission  success. 

A  careful  study  should  be  made  of  critical  points  in  the  ICNIA  terminal. 
These  Include  the  transversal  filters  for  ITT,  the  matrix  switches  for  TRW, 
the  control  computer,  the  control  executive,  control  algorithms,  and  software 
for  both  designs.  Critical  parts  should  be  duplicated,  or  at  the  very  least, 
dual  contacts  should  be  provided  for  the  Interconnections.  Probability 
analysis  is  essential  to  prevent  switch  overloading.  Control  algorithm(s) 
must  be  carefully  analyzed,  designed,  and  tested.  Artificial  intelligence 
(adaptive  learning  networks)  might  be  incorporated  into  the  control  algorithm. 
Fault  detection  and  reconfiguration  (FTR)  software  should  he  fail-safe, 
incorporating  error  coding,  and  perhaps  interleaving.  The  control  computer 
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should  be  fault  tolerant,  or  at  least  duplicated.  Provisions  should  also  be 
made  for  memory  storage  In  case  of  Intermittent  or  longer  time  power  failures. 

Fault  isolation  should  be  at  the  LRM  (Line  Replacement  Module)  rather 
than  the  LRU  level.  Several  LRMs  could  reside  in  an  LRU.  The  LRMs  should  be 
self-testing.  Careful  thought  should  be  given  to  the  choice  of  complexity  and 
LRM  size  in  terms  of  functions.  Failure  of  one  module  should  not  cause  any 
impediment  to  reconfiguration.  Failure  of  a  module  during  self-test  should 
set  a  flag.  The  module  should  then  be  retried.  This  will  help  locate 
intermittent  faults. 

As  a  result  of  VHSIC  technology  which  makes  possible  the  use  of 

self-testing,  fault  tolerant  modules,  and  embedded  processors,  pooled 

12 

architecture  systems  can  be  used  to  obtain  economical  dependability  . 

Tasks  should  be  properly  apportioned  in  a  hierarchlal  fashion  to  match 
control  and  data  processor  capability.  In  addition,  redundant  units  should 
not  be  "cold  spares".  Equipment  should  be  rotated  periodically  and  all 
equipment  should  be  subject  to  periodic  test. 

It  is  highly  recommended  that  a.  further,  careful  study  be  made  of  the 
fault  tolerant  features  of  the  next  design  iteration  of  ICNIA. 
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ABSTRACT 


The  availability  and  level  of  development  of  specific  manufacturing  tech¬ 
nologies  directly  Impact  the  U.S.  Government's  ability  to  achieve  certain 
national  defense  objectives.  The  Air  Force  Manufacturing  Technology 
(MANTECH)  Program,  begun  some  35  years  ago,  supports  the  development  of 
advanced  manufacturing  technologies  for  application  at  contractor  and  Air 
Force  facilities. 

In  a  resource  constrained  environment,  the  situation  Involves  deciding 
which  MANTECH  projects  to  select  and  how  to  allocate  resources.  Both  of 
these  decisions  are  complex,  partially  defined  processes  Involving  many 
variables.  This  research,  however,  only  focuses  on  the  project  selection 
process,  with  specific  attention  on  evaluation  of  the  decision  variables. 

With  a  semi -structured  problem,  Intuitive  judgement  by  the  decision  maker 
Is  an  essential  part  of  the  decision  process.  Thus,  the  objective  of  this 
research  was  to  develop  decision  aids,  or  management  tools,  to  assist  the 
decision  maker  In  selecting  projects  to  receive  MANTECH  support.  This 
report  describes  the  methodology  employed,  describes  the  major  factor 
categories,  and  presents  a  method  for  summarizing  these  decision 
variables. 


57—2 


Acknowledgement 


The  author  wishes  to  thank  the  Air  Force  Business  Research  Management 
Center,  the  Air  Force  Office  of  Scien*...  ic  Research,  and  the  South¬ 
eastern  Center  for  Electrical  Engineering  Education  for  providing  him 
and  his  SCEEE  graduate  student  assistant,  Mr.  Daniel  T.  Fet.sko,  with 
the  opportunity  to  spend  a  very  worthwhile  and  interesting  summer  at 
Wright-Patterson  AFB,  Ohio.  He  wishes  to  acknowledge  the  excellent  sup 
port  and  hospitality  of  Captain  Michael  Tankersley,  Major  Robert  Golden 
and  and  Colonel  Ronald  Deep  of  the  Air  Force  Business  Research  Manage¬ 
ment  Center. 


Table  of  Contents 


Page 


I.  Introduction  . ... .  5 

II,  Objective  of  the  Research  Effort  .  7 

III,  Research  Approach  .  7 

IV.  Research  Results  . 9 

A,  Evaluation  Scheme . . . ,,...  9 

8.  Factor  Categories  .  11 

C.  Project  Evaluation  Summary  Chart  .  15 

V.  Conclusions  . 17 

VI.  Recommer.dat  io*:  . .  17 

Attachment  . 18 


I.  INTRODUCTION: 


The  term  manufacturing  technology,  in  the  more  broadly  used  sense, 
pertains  to  technologies  employed  in  the  production,  inspection  and 
repair  of  an  item.  The  availability  and  level  of  development  of  manu¬ 
facturing  technologies  affect  the  cost,  quality,  quantity,  physical 
characteristics,  and/or  useability  of  an  item. 

Because  of  Its  specific  needs  and  resource  limitations,  the 
Department  of  Defense  (DOD)  Is  very  concerned  about  the  development  of 
certain  manufacturing  technologies  which  impact  its  ability  to  obtain, 
maintain,  and  effectively  utilize  military-related  items.  World  War  II 
highlighted  the  close  relationship  that  must  exist  between  the  national 
industrial  base  and  the  DOD.  Since  1947,  the  US  Air  Force  has  been 
Involved  in  fostering  the  development  and  growth  of  specific  manufac¬ 
turing  technologies  which,  without  Its  participation,  would  not  be 
advanced  or  perhaps  not  advanced  in  a  timely  fashion. 

The  USAF  currently  conducts  their  activities  in  this  area  under  AF 
Regulation  800-23,  25  April  1982,  entitled  Manufacturing  Technology 
Program.  This  progam  is  therein  identified  as  MANTECH  and  described  as: 

“A  program  which  consists  of  all  actions  taken  by  the  Air  Force 
to  develop  and  carry  out  new  or  significantly  improved  production 
systems,  processes,  techniques,  or  equipment  for  use  {near  or  long 
range)  In  contractor  facilities  or  ALCs  in  support  of  Air  Force 
systems,  subsystems,  or  equipment.” 


As  noted,  MANTECH  interests  are  centered  not  only  on  Air  Force 
contractor  activities  but  also  on  those  at  the  Air  Logistics  Centers 
(ALCs).  This  expansion,  from  looking  at  just  contractor  activities  to 
now  considering  both  internal  and  external  activities,  necessitates  eva¬ 
luating  additional  candidate  technologies  for  possible  MANTECH  support. 

The  Manufacturing  Technology  Division  (MLT)  located  in  the  Air  Force 
Systems  Command  Materials  Laboratory  at  Wright-Patterson  AFB  is  respon¬ 
sible  for  planning,  implementing,  managing  and  controlling  the  Air  Force 
MANTECH  program.  An  important  element  in  the  MANTECH  program  is  that 
the  payback  and  improvements  in  military  capability  generated  as  a 
result  of  the  proper  MANTECH  support  can  be  awesome.  For  instance,  a 
MANTECH  investment  of  $267,550  on  just  one  aircraft  engine  project  is 
estimated  to  produce  a  savinqs  of  $195.8  million  over  an  eleven-year 
period. 

In  essence,  there  is  a  sizeable  MANTECH  budget  (approximately  $60 
million  for  FY  1983),  a  large  number  of  candidate  projects,  and  oppor¬ 
tunities  for  significant  payback.  Proper  project  evaluation,  as  well  as 
the  accompanying  selection  and  resource  allocation  decisions  Involve 
many  factors  and  are  not  well  defined  processes. 

Topic  N82-01,  ’’Assessment  of  Productivity  Potential  of  Manufacturing 
Technologies,"  contained  In  the  Air  Force  Business  Research  Management 
Center's  publication,  Business  Research  Topics  for  FV-83,  addressed  the 
need  for  developing  a  methodology  or  planning  model  in  the  MANTECH 
area.  This  topic  was  the  generating  source  for  this  research  effort. 

The  objective  of  N82-01,  as  submitted  by  AFSC/PMDP,  was  to: 

"Develop  a  methodology  or  planning  model  for  identifying  manu¬ 
facturing  technologies  wnich  generate  the  highest  marginal 
increases  in  productivity  growth,  potential  areas  of  appli¬ 
cation,  and  the  availability  of  such  technologies." 


Early  investigation  of  that  topic  showed  that  productivity  alone, 
is  just  one  of  the  many  factors  entering  into  the  selection  and  resource 
allocation  decision  processes.  Since  there  are  so  many  factors  to  con¬ 
sider,  preliminary  attention  needed  to  be  directed  toward  identifying 
the  influencing  factors,  assessing  their  relevancy,  and  then  bringing 
these  factors  together  in  a  comprehensible  way  to  aid  the  decision 
makers.  This  study  focuses  on  these  -  lements. 

I I .  OBJECTIVE  OF  THE  RESEARCH  EFFORT: 

The  main  objective  of  this  research  effort  was  to  develop  decision 
aids,  or  management  tools,  to  be  used  in  evaluating  and  selecting  which 
manufacturing  technology  projects  should  be  supported  under  the  USAF 
MANTECH  Program.  The  major  supporting  goals  were:  (1)  determine  what 
factors  influence  MANTECH  selection  decisions,  (2)  categorize  these  fac¬ 
tors  into  major  groups,  (3)  develop  ways  to  assess  the  strength  of  the 
factors,  their  interrelationships,  and/or  ensure  that  they  were  not 
overlooked,  and  (4)  to  summarize  the  relevancy  of  these  factors  in  a 
comprehensible  format  for  use  by  the  key  decision-makers. 


III.  RESEARCH  APPROACH: 

The  first  step  in  this  research  effort  centered  on  collecting 
background  information.  This  was  accomplished  by  performing  literature 
searches,  reviewing  several  reports  written  on  MANTECH  activities,  and 
conducting  Initial  Interviews.  These  Interview  results  suggested  that 
before  the  topic  of  productivity  itself  should  be  addressed,  we  needed 
to  look  deeper  Into  the  current  decision  process. 

From  the  onset.  It  is  helpful  to  realize  that  the  section  and 
funding  of  MANTECH  projects  is  a  comprehensive  and  complex  decison  pro¬ 
cess  involving  a  variety  of  factors  and  is  compounded  by  many  future 
uncertainties.  Pressures  are  on  MANTECH  projects  that  they  produce  use¬ 
ful  results  in  a  timely  manner. 

The  generation  of  MANTECH  ideas  come  from  numerous  sources.  Many 
ideas  originate  from  discussions  with  contractors  regarding  problems, 
potential  solutions,  and  promising  opportunities.  Projects  are  also 
generated  by  Systems  Program  Offices  (SPOs),  higher  Headquarters,  other 
Air  Force  Major  Air  Commands,  other  DOD  and  Government  agencies,  pro¬ 
fessional  and  academic  associations,  and  from  the  basic  research  labora¬ 
tories.  Obviously,  there  are  other  input  sources,  but  the  point  of  this 
is  to  demonstrate  that  there  are  numerous  activities  attempting  to 
Impose  their  thouqhts  and  projects  into  the  MANTECH  selection  process. 
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In  an  effort  to  manage  and  evaluate  this  multiplicity  of  inputs, 
the  Materials  Laboratory  has  developed  a  Focal  Point  System.  There  are 
currently  ten  Focal  Points  such  as  thermal  protection  materials,  metal ic 
structural  materials,  non-metalic  structural  evaluation,  CAM/manufacturing 
R&D,  systems  support,  etc.  These  Focal  Point  managers  employ  a  matrix 
structured  organizational  approach  in  prioritizing  MANTECH  candidate 
projects  within  their  specific  area.  That  is,  representatives  from  other 
interested  Air  Force  offices  are  charged  with  providing  information  to 
and  confering  with  the  Focal  Point  manager.  At  the  appropriate  time, 
these  managers  present  their  projects  to  a  Materials  Laboratory  Executive 
Group  which  determines  what  projects  will  be  selected  for  MANTECH  funding, 
and  at  what  level  of  funding.  Not  all  annual  project  funds  are  for  new 
project  starts:  a  portion  of  the  MANTECH  fiscal  year  monies  are  directed 
toward  projects  that  began  in  previous  years  but  which  are  not  yet  com¬ 
pleted.  The  annual  MANTECH  program  is  then  approved  at  the  appropriate 
Air  Force  level  as  outlined  in  AFR  800-33.  While  the  MANTECH  Divison 
manages  and  controls  the  program,  this  occurs  primarily  after  the  projects 
are  selected  and  funding  is  determined. 

Following  collection  of  initial  background  information,  we  could 
see  that  while  the  basic  flow  of  the  selection  decision  process  seemed 
reasonable,  perhaps  a  meaningful  contribution  could  be  made  by  adding 
more  structure  to  assessment  of  the  evaluation  factors.  Our  research 
objective  was  re-formulated  to  that  wh-'ch  appeared  earlier  in  Section 
II.  Since  an  expanded  data  base  was  required  to  achieve  the  objective, 
further  interviews  were  then  conducted  with  people  inside  and  outside 
the  Materials  Laboratory.  This  included  interviewing  people  in  the  AFSC 
Aerospace  Industrial  Modernization  office,  ASO  Plans  and  Programs 
office,  former  MANTECH  personnel,  several  Focal  Effort  managers,  project 
engineers,  the  current  MANTECH  Branch  Chiefs  ,  the  Materials  Laboratory 
Director,  and  other  personnel  within  the  Materials  Laboratory.  From 
these  discussions,  numerous  considerations  were  collected  and  then  cate¬ 
gorized  into  appropriate  evaluation  groups. 


IV.  RESEARCH  RESULTS: 


A.  Evaluation  Scheme: 

The  proposed  project  evaluation  scheme  involves  16  factor 
categories  as  listed  below: 

I.  Title 

II.  Objective 

III.  Description 

IV.  Nature  of  Need 

V.  Support 

VI.  Funding  for  Development 

VII.  Non-Direct  Financial  Requirements 

VIII.  System  Integration 

IX.  Interlock  with  Other  Thrust  Areas 

X.  Technical  Success 

XI.  Future  Investment  Requirements  for  Implementation 

XII.  Federal  Agency  Implementation 

XIII.  Industrial  Implementation 

XIV.  Benefits 

XV.  Global  Relationships 

XVI.  Return  on  Investment 


Except  for  the  first  three  factors  (Title,  Objective  and 
Description),  the  remaining  13  factors  are  to  be  scored  on  a  Project 
Evaluation  Summary  Sheet,  which  follows  later  in  this  report.  There  are  a 
variety  of  elements  in  each  of  these  major  factor  categories.  In  reaching  a 
mating  in  each  category,  a  systemized  thought  process  is  necessary  to  ensure 
that  the  essential  elements  are  not  inadvertently  excluded.  The  categories  • 
are  not  totally  independent  or  mutually  exclusive  of  one  another.  The  pro¬ 
posed  method  does  attempt  to  minimize  duplication  and  places  most  elements 
(or  evaluation  considerations)  in  only  one  factor  group. 

Mathematically  directed  formats  and  straight  checklists  were  con¬ 
sidered  for  arranging  the  elements,  but  were  dismissed  in  favor  of  a  deci¬ 
sion  stimulation  format  involving  questions,  fill  in  the  blanks,  and 
comparisons.  The  elements  are  included  in  a  38-page  document  entitled 
"MANTECH  Project  Evaluation  Back-Up  Sheets."  Space  limitations,  however 
prevent  their  being  published  as  an  attachment  to  this  report.  Copies  of 
the  evaluation  Back-Up  Sheets  have  been  provided  to  the  AFBRMC  and  to 
various  offices  in  the  Materials  Laboratory.  Attachment  1  is  a  portion  of 
the  Back-Up  Sheets  which  support  a  rating  for  the  Need  factor,  Category  IV. 

Categories  are  arranged  so  as  to  start  with  a  general  view  of  the  pro¬ 
ject  and  then  become  more  specific  as  one  progresses  through  the  evalu¬ 
ation.  The  Back-Uo  Sheets  are  not  designed  to  automatically  generate  a 
final  conclusion  on  the  rating  of  a  particular  factor.  Their  purpose  is  to 
function  as  an  assessment  guide  and  assist  individuals  in  reaching  their 
conclusions.  Effective  use  of  the  Back-Up  Sheets  rely  heavily  upon 
experienced  intuitive  judgement.  As  with  the  final  Project  Evaluation 
Summary  Sheet,  both  tools  can  be  "fudged"  to  meet  a  particular  person’s 
individual  needs  and  objectives.  Project  selection  in  MANTECH  or  in  any 
other  institutions  is  an  unstructured,  or  at  best  a  semi -structured,  problem. 
The  key  is  to  reduce  the  subjectivity  by  discretely  applying  models  or 
methodologies  and  wisely  using  available  information  to  its  full  potential. 


B.  Factor  Categories: 


This  section  provides  the  philosophy  and  rationale  for  the  various 
categories. 

1.  Title:  Self  Explanatory. 

2.  Objective:  The  objective  of  the  project  sets  the  benchmark  for 
the  rest  of  the  evaluation.  It  should  be  concise,  quantifiable,  and 
measureable. 

3.  Description:  In  this  section,  the  project  is  classified  as 
generic,  repair  and  manufacture,  integrating,  or  quality  technology.  More 
so.  It  stresses  the  element  of  time  by  highlighting  the  required  comple¬ 
tion  date,  time  for  development,  time  for  integration  or  time  for  implemen¬ 
tation  Into  a  manufacturing  line,  and  the  recommended  project  start  time. 
Worth  noting  Is  that  once  a  MANTECH  project  is  completed,  there  is  still 
some  Implementation  time  until  an  industrial  output  or  impact  is  actually 
realized.  It  is  not  uncommon  to  be  talking  of  several  years  for  implemen¬ 
tation,  following  completion  of  the  project  development  phase.  This  sec¬ 
tion  also  summarizes  the  relative  funding  requirement, 

4.  Nature  of  Need:  Who  Is  the  principal  sponsor  of  the  project?  Is 
It  a  project  directed  by  higher  Headquarters?  Where  did  the  need 
originate?  Who  will  the  project  serve  and  Is  the  need  a  current  one  or  a 
projected  future  need?  These  elements  begin  to  put  the  project  into 
perspective.  Applicability  and  project  timing  are  critical  issues.  Thus, 
key  questions  have  to  be  whether  or  not  this  project  will  be  directly 
applicable  to  a  weapon  system  or  some  support  system  and  will  it  be  done 
In  time  to  have  an  Impact.  The  dates  in  this  section  can  be  compared  to 
the  project  dates  in  the  Description  category.  The  last  part  of  this 
category  centers  on  what  is  the  real  driving  factor  for  the  project.  A 
project  will  generally  serve  multiple  purposes,  which  are  addressed  later 
under  Benefits.  The  question  here  Is  to  select  the  single  most  important, 
issue.  This  section  also  brings  out  the  idea  of  technology  push/pull. 
Projects  which  are  need  driven  and  pulling  technology  for  the  development 
often  have  a  higher  probability  for  implementation  success  than  technology 
push-type  projects. 
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5.  Support:  Whether  or  not  the  project  is  need-driven  is  important, 
but  who  supports  the  project  is  critical.  This  section  provides  a  matrix 
where  organizations  can  be  listed  vertically  with  their  interest  level 
indicated  on  the  horizontal  axis,  on  a  scale  from  -3  to  +3.  It  is  impor¬ 
tant  to  record  the  priority  which  the  organizations  place  on  the  project 
within  their  programs,  if  applicable.  Comparisons  of  their  priority 
ratings  against  the  interest  ratings  help  validate  their  support  ratings. 

A  potentially  good  project  without  the  proper  interest  may  have  a  tough 
time  "weathering  the  storm."  Similarly  there  have  to  be  a  sufficient 
number  of  engineers  in  MANTECH  interested  in  the  project.  Also  an  assess¬ 
ment  of  foreign  interest  in  the  project  can  frequently  change  opinions 
and  thinking  about  the  project. 

6.  Funding  For  Development:  In  an  earlier  section,  under  Descrip¬ 
tion,  the  funding  picture  was  summarized.  Here,  the  funding  requirement 
is  detailed  in  a  matrix  arrangement  where  it  shows  who  is  expected  to 
pay  for  the  development.  Is  another  Federal  agency  going  to  help  back 
the  project?  Are  we  expecting  too  much  investment  from  industry?  Are 
the  projected  funds  really  adequate  for  completing  the  project?  What  sort 
of  potential  cost  overrun  is  possible?  Answering  these  questions  and  dis¬ 
playing  the  data  in  a  useful  manner  is  a  definite  aid  to  reaching  an  overall 
category  rating. 

7.  Non-DIrect  Financial  Requirements:  Government  and  private  contrac¬ 
tors  may  have  to  provide  other  support  or  aid  to  the  project  which  is  some¬ 
times  not  “costed-out."  For  instance,  there  may  be  a  need  for  government 
equipment  and  facilities,  an  Interruption  of  production,  and  other  time 
demands  which  could  dwarf  the  direct  funding  reouirement.  Even  if  it  is 
not  that  significant,  decision  makers  should  know  what  the  total  require¬ 
ments  are  before  supporting  the  project. 

8.  Systems  Integration:  Essentially  there  are  two  types  of  projects, 
new  requirements  and  those  previously  identified.  Questions  in  this  area 
seek  to  determine  how  the  particular  project  fits  into  the  larger  system 
or  major  thrust  area's  plans.  The  elements  of  substitution,  completeness 
of  other  supporting  projects  and  timing  are  emphasized. 


9.  Interlock  with  Other  Thrust  Areas.  Although  a  project  may  be 
managed  by  one  Focal  Point  manager,  it  may  support  other  major  thrust 
areas.  Identification  of  those  other  areas  is  exhibited  in  this  area  via 
•n  interlock  table  which  shows  the  criticality  of  the  project  to  those 
other  areas.  A  comparison  of  information  in  this  section  to  that  earlier 
displayed  under  the  Support  category  provides  a  means  for  validating  the 
interest-level  rating. 

10.  Technical  Success:  Before  an  output  or  impact  can  be  realized, 
regardless  of  the  need,  the  project  must  be  technically  feasible.  MANTECH 
projects  are  not  basic  research  projects,  rather  they  are  developmental 
projects  which  carry  technically  feasible  projects  up  to  the  point  of 
showing  that  they  can  be  implemented  on  a  production  basis.  This  section 
ensures  that  the  evaluators  consider  such  items  as:  the  rationale  for 
success;  technical  assumptions;  views  of  proponents,  moderates,  and 
skeptics;  past  successes  in  this  area;  potential  contractors;  boundary 
conditions;  need  for  more  basic  research;  and  the  ability  to  overcome 
technical  problems.  In  all,  there  are  20  elements  in  this  category,  some 
of  which  require  establishing  probability  estimates. 

11.  Future  Investment  Requirements  For  Implementation:  If  project 
results  are  favorable,  there  may  be  costs  on  the  part  of  the  government, 
private  activities,  or  perhaps  both  in  order  to  achieve  actual  implemen¬ 
tation.  In  some  instances  costs  could  be  stagered  over  several  years  if 
results  are  Implemented  piecemeal  or  at  multiple  locations.  Return  On 
Investment  is  considered  separately  in  a  later  section.  The  emphasis  here 
Is  on  defining  the  facility,  equipment,  material,  personnel  and  overhead 
requirements  for  implementation,  plus  any  other  ownership  considerations. 

12.  Federal  Agency  Implementation:  There  can  be  immediate  potential 
users  and  future  possible  users  of  the  project’s  results.  This  section 
discusses  various  aspects  concerning  the  immediate  potential  users.  In 
those  Instances  where  a  Federal  Agency(s)  needs  to  fund  at  least  a  portion 
of  the  Implementation:  1)  Do  they  know  the  cost  requirements?  and  2)  Can 
they  accommodate  the  funding  and  lead-times?  The  bottomline  centers  on, 
will  the  project  have  a  meaningful  impact  of.  a  specific  system's  acquisi¬ 
tion,  manufacturlnq  or  repair  cycles?  Arranged  in  a  tabular  form,  the 
evaluator  :an  follow  down  through  13  data  points  to  arrive  at  a  final 
rating  of  this  factor. 
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13.  Industrial  Implementation:  For  a  large  number  of  projects,  pri¬ 
vate  industry  will  be  required  to  fund  the  implementation.  Some  eval¬ 
uators  may  balk  at  this  area  and  plead  ignorance  of  what  the  private 
sector  may  or  may  not  do.  Without  some  understanding  of  the  inclinations 
of  the  implementation  thinkings  by  industry,  the  possibility  exists  that 
good  project  results  may  just  "sit  on  the  shelf."  Information  needs  to  be 
obtained  on  how  industry  perceives  the  future  investment  costs  (Section 
XI)  and  the  probability  that  funds  will  be  available.  Project  results  may 
support  two  or  more  different  market  sectors.  Naturally  for  MANTECH  pro¬ 
jects,  the  obvious  concern  is  focused  on  private  investments  to  meet 
DOD/Federal  requirements.  However,  potential  for  technology  transfer  to 
the  commercial  non-DOD  marketplace  can  influence  the  project’s  chances  for 
success  and  implementation  to  meet  DOD  requiremments.  Thus,  intelligence 
on  industries'  perceptions  of  commerical  applicability,  market  risk,  total 
private  developmental  funding  (independent  of  MANTECH),  and  estimates  of 
transfer  time  are  useful.  Also,  the  results  of  the  section  can  be  com¬ 
pared  to  the  Support  ratings  (Section  V). 

14.  Benefits:  In  the  Need  category,  (Section  IV),  the  single  most 
important  driving  element  was  identified.  This  section  Is  structured  so 
that  the  primary  and  secondary  benefits  can  be  rank  ordered  a, id  benefit 
start-dates  estimated.  So  as  not  to  be  overlooked,  a  critical  question  is 
asked:  "What  is  the  probability  estimate  that  the  government  will  Incur 
lower  procurement  or  other  life  cycle  costs?"  For  some  projects,  cost  is 
not  a  basic  issue.  However,  for  most  projects,  lower  costs  is  at  least  a 
secondary  benefit. 

15.  Global  Relationships:  This  category  includes  14  elements  which 
draw  attention  to  possible  duplicating  efforts,  vertical  Integration, 
automation  enhancements,  sub-tier  impact,  political  considerations  and 
impact  on  competition,  to  name  but  a  few.  The  thrust  of  this  area  is  to 
stimulate  a  macro-perspective  and  an  appreciation  of  the  potential  far- 
reaching  implications  of  tne  project. 


16.  Return  On  Investment:  The  term,  ROI,  is  gaining  in  popularity. 

The  methodology  for  calculating  ROI  is  relatively  straight  forward,  but 
the  estimates  of  future  costs  and  savings  can  be  quite  inaccurate.  This 
section  Is  rather  detailed;  however,  only  applicable  portions  need  be 
completed.  Two  paths  through  this  section  exist.  The  first  deals  with 
projects  designed  to  Improve  or  replace  an  existing/projected  method,  pro¬ 
cess  or  item.  As  with  the  next  path,  procurement  cost,  process  cost  and 
life  cycle  cost  are  candidate  analysis  items.  When  there  is  a  basis  of 
comparison,  potential  financial  savings  can  be  computed.  On  the  other 
hand.  In  the  second  path  where  the  project  generates  a  new  method,  process 
or  item  and  no  basis  of  comparison  exists,  only  costs  can  be  projected. 

The  section  is  well  outlined  for  ease  of  completion  and  includes  guidelines 
for  reaching  a  final  rating. 

C.  Project  Evaluation  Summary  Chart:  The  final  goal  In  this 
research  effort  was  to  summarize  the  factors  Into  a  comprehensible  format 
for  use  by  key  decision  makers.  Various  schemes  are  contained  In  the 
literature  which  attempt  to  weight  factors  and/or  mathematically  mani¬ 
pulate  the  data  in  numerous  ways  so  as  to  derive  a  final  project  Index 
number.  (See  "R&O  Project  Selection:  An  Annotated  Bibliography," 

Daniel  T.  Fetsko,  1983  SCEEE  SFRP  Report.)  Generally,  these  schemes  are 
never  really  used  or  are  quickly  abandoned.  With  the  risk  that  someone 
will  again  add  up  numbers,  the  final  summary  chart  (Figure  1)  contains  a 
rating  scale  ranging  from  to  ♦2. 

These  ratings  or  as  some  may  call  them,  "Figures  of  Merit",  are 
not  intended  at  this  stage  of  design  to  undergo  any  mathematical  operation 
The  appropriate  blocks  In  the  chart  should  be  marked  and  presented  to  the 
key  decision  makers  along  with  the  first  three  sections  of  the  evaluation 
Back-Up  Sheets  (Title,  Objective  and  Description).  The  rest  of  the  Back- 
Up  Sheets  support  more  detailed  discussion.  Final  decisions  on  project 
selection  and  fundlnq  still  rest  with  the  key  decision  makers.  With  the 
suggested  approach,  their  view  '•an  now  be  centered  at  least  initially  on 
assimilating  the  major  factors,  rather  than  being  inundated  with  all  the 
sub-elements. 


PROJECT  EVALUATION  SUMMARY  SHEET 
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V.  CONCLUSIONS 


MANTECH  project  selection  and  resource  allocation  decisions  are 
complex  mental  processes  involvinq  numerous  considerations.  Without  a 
systematic  evaluation  methodology,  some  considerations  can  be  overlooked, 
while  others  may  be  overemphasized.  The  Project  Evaluation  Back-Up  Sheets 
and  the  Summary  Chart  are  management  tools  designed  to  support,  not 
supplant,  the  intuitive  judgement  of  the  decision  makers.  The  use  of 
these  evaluation  tools  can  also  assist  in  structuring  discussion  of  can¬ 
didate  projects.  Furthermore,  these  devices  can  be  used  to  orient  new 
employees  regarding  project  assessment  considerations.  Lastly,  they  can 
also  be  applied  to  temper  external  pressures  when  there  are  obvious  project 
shortcomings. 

VI.  RECOMMENDATIONS: 

A.  Copies  of  this  report  and  che  Project  Evaluation  Back-Up  Sheets 
should  be  provided  to  interested  DOD  organizations 

B.  The  products  of  this  research  effort  need  to  be  used  with  the 
view  that  they  are  preliminary  documents.  Local  efforts  should  be  made  to 
modify  these  products  as  needed. 

C.  Recommend  that  an  evaluation  be  conducted  within  one  year  to 
determine  if  this  research  was  of  value  and  If  future  refinement  of  the 
methodology  is  appropriate. 


ATTACHMENT  1 


EXTRACTED  SECTION  FROM  MANTECH  PROJECT  EVALUATION  BACK-UP  SHEETS 
IV.  NATURE  OF  NEED: 

A.  Principal  Sponsor:  _ 

B.  Directed  Project:  _  _____  Office: _ _  Date: 

(Yes'/No)  (As  Applicable) 

C.  Source  of  Need  I  dent If 1  cation:  (Specify) 

RF  'Other  DOD  Industry  Other  U.S. 

_ _  _  _  Date: _ 

Report  '  Conf erence  Other 

D.  Required  to  meet: 

AF  DOD _  Industry  Other  U.S 

Current  Need; _ _ _ _ _ 

Future  Need:  _ _  _____  _ _  _ _ 

E.  Applicability  to  Weapon  System(s): 

Is  this  project  directly  related  to  a  weapon  system? 

“Tes 

Is  the  weapon  system:  _ 

Current  Future 

Name  of  System(s):  _ _ _ 

Projected  Obsolescence  Date: _  _  _ 


F.  Applicability  to  Support  System(s): 

Is  project  olrectly  related  to  suprrrt  system? 

Yes 

Is  the  support  system: _ _ 

Current  Future 

Name  of  System(s):  _  _ 

Projected  Obsolescence  Date: 


G.  The  Single  Most  Important  driving  factor  for  this  project  is: 

Note:  Other  factors  are  listed  in  Section  XIV,  Benefits. 

_  System  will  not  function  without  this  project 

_  Counter  a  potential  hostile  threat 

_  Improve  system  performance 

Major  focus  of  a  thrust  area 
_  User  demand 

_  Basic  technological  problem  preventing  general  use 

_  Speed  up  development  for  DOD  use 

_  Lead  time  reduction 

_  Stimulate  capital  Investment 

_  Improve  readiness 

_  Meet  surge  requirements 

_  Increase  production  throughput/yields 

_  Satisfy  health  requirement 

_  Improve  safety  features 

_  Minimize  an  environmental  problem 

_  Achieve  MILSPEC  standards 

_  Reduce  cnange-out  problems 

_  Enhance  sustainability 

_  Improve  power  efficiency 

_  Decrease  energy  consumption 

_  Improve  engineering  properties 

_ _  Gain  an  improved  understanding  of  a  production  problem 

_  Develop  reliable  domestic  sources 

_  Minimize  v,he  need  for  critical  materials 

_  Reduce/eliminate  foreign  dependency 

_  Correct  a  spares  problem 

_  External  organizational  pressure 

_  Achieve  a  high  return  on  investment  (ROI) 

_  Accomplish  a  key  step  in  a  thrust  area 

_  Complete  a  thrust  area 

_  Reduce  maintenance/repair  costs 

_  Reduce  production  costs  in  the  area  of: 

_  direct  labor 

_  indirect  labor 

_  scrap  rate 

_  raw  materials 

_  capital  investment 

_  Foster  more  rapid  technology  transfer 

_  Need  to  scale  up 

_  Hiqhly  promising  product/orocess 

_  Industry  capability  is  low  or  lacking 

_  Correct  obvious  inefficiencies 

_  Improve  productivity  (specify: _ ) 

_  Other  (specify: _ ) 


57-20 


1983  USAF-SCEEE  SUMMER  FACULTY  RESEARCH  PROGRAM 
Sponsored  by  the 

AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
Conducted  by  the 

SOUTHEASTERN  CENTER  FOR  ELECTRICAL  ENGINEERING  EDUCATION 

FINAL  REPORT 

AN  ASSESSMENT  OF  WARTIME  AVAILABILITY  OF  RECOVERABLE  ITEMS 
Prepared  by:  E.  Stanley  Lee,  Ph.D. 

Academic  Rank:  Professor 

Department:  Industrial  Engineering  Department 

University:  Kansas  State  University 

Research  Location:  Air  Force  Logistics  Command,  Directorate 

Of  Plans  and  Programs,  Management  Science 
Department,  Wright-Patterson  Air  Force  Base,  Ohio 

USAF  Research:  Mr.  Victor  Presutti 

Date:  August  26,  1983 

F49620-82-C-0035 


Contract  No.: 


Ai  ASSESSMENT  OF  WARTIME  AVAH  IBH  ITT  OF  RECOVERABLE  ITEMS 


by 

E.  Stanley  Lee,  Ph.D. 

ABSTRACT 

The  most  critical  test  of  the  adequacy  of  the  logistics  systems  of 
the  Air  Force  is  during  the  worst  scenario  such  as  the  initial  war  surge 
period  or  any  other  critical  period  when  the  demands  far  exceed  the  anti¬ 
cipated  repair  or  transportation  capabilities*  In  order  to  assess  the  war 
time  readiness  and  sustainability  and  in  order  to  obtain  the  best  logis¬ 
tics  policies  during  the  worst  scenario,  the  true  dynamics  during  this 
period  must  be  analyzed  and  accurately  modeled  based  on  war  time  emergency 
criteria  and  characteristics  which  are  completely  different  from  peace 
time* 

The  true  dynamics  with  limited  repair  and  transportation  capabilities 
for  recoverable  items  during  the  worst  scenario  are  analyzed  by  the  use  of 
simple  exam  lea.  Due  to  its  simplicity  in  computation,  the  deterministic 
fluid  approximation  is  analyzed  and  appears  to  be  ideally  suited  to  model 
the  complicated  and  large  Air  Force  logistics  system  during  the  worst 
scenario.  To  further  up-grade  the  model  to  include  the  stochastic  charac¬ 
teristics,  diffusion  approximation  of  the  queueing  theory  can  be  used. 
Another  possible  approach  is  the  formulation  of  new  stochastic  processes 
which  may  be  easier  to  handle  than  the  traditionally  stochastic  processes 
encountered  in  queueing  theory. 
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I.  INTRODUCTION 


The  most  critical  logistics  problem  in  a  war  is  during  the  initial 
surge  period  after  D-Day,  Both  because  of  the  sudden  surge  of  war 
activities  and  the  need  of  rapid  transition  from  peace  time  to  war  time 
environment,  the  logistics  policies  and  resource  levels  for  sustaining  a 
war  are  subjected  to  the  most  severe  test  during  this  surge  period. 
Thus,  the  preparation  of  logistics  support  of  a  war  should  be  primarily 
based  upon  this  initial  period  which  is  characterized  by: 

(1)  Because  of  the  very  high  demands  on  repair  facilities  there  is 
a  high  probability  of  a  queue  of  repairable  items  waiting  to  be 
repaired, 

(2)  Because  of  the  very  large  volume  of  items  required  to  be 
transported,  there  is  a  high  probability  of  a  queue  waiting  for  trans¬ 
portation, 

(3)  Because  of  the  war  urgency,  cannibalization  and  lateral  re¬ 
supply  may  become  an  important  part  of  the  logistics  system. 

In  addition  to  the  above  characteristics,  the  recoverable  items  are 
generally  multi-indenture  in  structure  and  multi-echelon  in  repairable 
stations.  Thus,  in  order  to  assess  the  war  time  materiel  readiness  and 
sustainability,  all  these  factor?  based  on  the  rapidly  changing  war 
dynamics  must  be  analyzed.  These  assessments  are  important  not  only  for 
fighting  and  sustaining  a  war,  they  also  allow  the  Air  Force  to 
determine,  for  a  given  level  of  support,  where  funds  would  best  be  spent 
in  providing  logistics  support  such  that  the  Air  Force’s  ability  to 
fight  a  war  is  maximized. 

The  various  important  factors  for  the  general  resupply  process  for 
recoverable  items  during  the  initial  surge  of  war  are  illustrated  in 
Figure  1.  A  two  echelon  system  with  base  and  depot  repair  is  assumed. 
B. 'cause  of  the  limited  facilities  in  repair  and  transportation,  tandem 
queues  or  queueing  networks  are  needed  for  the  two  echelon  repair 
stations  and  transportation  queues  are  assumed  between  the  base  and  the 
depot. 
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MadlLu  Two  basic  approaches  have  been  used  to  analyze  the 
logistics  of  recoverable  items:  (1)  Monte  Carlo  simulation  models,  and 
(2)  analytical  models,  Monte  Carlo  simulation  models  emulate  a  real 
world  prooess  through  the  use  of  probabilistic  descriptions  of  prooess 
activities  and  events.  Although  his  type  of  model  can  represent  the 
process  in  great  detail,  it  suffers  from  the  enormous  computation 
requirements,  The  true  dynamics  of  the  process  with  the  consideration 
of  queue  has  been  modeled  successfully  in  JEMS  (Jet  Engine  Management 
Simulator)  [13). 


Analytical  models  can  abstract  the  essentials  of  the  logistics 
system  and  represent  it  mathematically.  Thus,  it  can  be  used  to  handle 
large  complex  systems  such  as  the  logistics  of  recoverable  items. 
However,  in  order  to  consider  the  true  dynamics  of  repairable  items 
during  the  initial  war  surge,  the  three  characteristics  listed  above 
must  be  included.  But,  unfortunately,  very  little  has  been  done  to 
include  these  characteristics  in  the  various  existing  analytical  models 
such  as  Dyna-METRIC,  LMI  availability  model,  and  WARS  [3-10].  One 
reason  is  because  the  extreme  difficulty  encountered  in  solving  the 
dynamic  queueing  equations.  Notice  that  both  of  the  first  two 
charateristics  require  the  solution  of  this  type  of  equations. 

Although  the  general  dynamic  queueing  equations  are  very  difficult 
to  handle,  the  dynamic  equations  representing  temporary  over  capacity 
where  the  arrival  or  demand  rate  temporarily  exceeds  the  service  rates 
can  be  handled  reasonably  easily.  The  reason  for  this  is  that  we  are 
not  concerned  over  whether  there  is  a  queue,  we  are  only  concerned  with 
the  queue  length.  Because  of  the  large  number  of  arrivals  and  the 
certainty  that  there  is  a  queue,  the  system  behaves  like  fluid  flow  with 
diffusion.  Thus,  the  fluid  and  diffusion  approximations  of  queues  can 
be  used  to  handle  the  limited  repair  and  transportation  facilities 
during  the  initial  war  surge. 

In  this  report,  these  approaches  will  be  explored.  Some  simple 
examples  will  be  given  to  explore  the  fluid  approximation  approach  which 
is  a  deterministic  approach.  The  stochastic  diffusion  approach  of 
queues  and  its  possible  applications  to  the  war  surge  period  will  also 
be  examined. 

Another  approach  to  avoid  the  dynamic  queueing  equation  is  to 
reformulate  the  problem  in  terms  of  simpler  stochastic  process.  Several 
approaches  have  been  proposed  in  the  literature.  These  approach  also 
will  be  examined  briefly  for  its  suitability  to  model  the  Air  Force 
logistics  systems. 

One  of  the  most  effective  ways  to  represent  stochastic  processes  is 
the  Harkov  process.  This  approach  combined  with  basic  reliability 
analysis  are  also  examined  for  the  study  of  cannibalization  in  a 
separate  report  [17].  It  should  be  noted  that  Markov  decision  process 
is  ideally  suited  for  treating  the  opportunistic  engine  maintenance 
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problem  [18]. 


II  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

The  objectives  of  this  research  were: 

(1)  To  study  and  to  analyze  the  war  dynamics  during  the  initial 
surge  period,  or  any  critical  period  where  the  demands  exceed  repair 
capabilities,  for  recoverable  items.  The  initial  surge  period  after  D- 
Day  is  the  most  critical  portion  of  a  war  and  its  t5me  dynamics  are  the 
most  important  factors  in  assessing  logistics  support  capabilities.  The 
influences  of  some  of  the  assumptions  in  existing  analytical  models  such 
as  Dyna-METRIC  on  the  war  dynamics  during  this  surge  will  be  examined, 

(2)  To  explore  modeling  methodologies  which  can  be  used  to  model 
the  true  fluctuating  dynamics  with  limited  repair  and  transport 
capabilities  during  the  surge  period  for  multi-echelon  and  multi- 
indenture  recoverable  items, 

(3)  To  assess  the  effectiveness  and  applicability  of  these  various 
methodologies  for  modeling  recoverable  items  and  for  estimating  war  time 
materiel  readiness  and  sustainability  during  the  surge  period.  Because 
of  the  limited  time  and  also  because  of  the  extreme  complexity  of  the 
Air  Force  logistics  systems,  only  an  initial  start  can  be  made.  More 
detailed  study  and  modeling  must  be  carried  out  during  later 
investigations. 


HI  DCTERKHISnC  FLUID  APPtGOdMATION 

During  the  surge  of  a  war  where  the  expected  number  of  units  of 
demand  is  very  high,  the  queueing  system  behaves  like  a  fluid  and  thus 
it  is  called  the  (deterministic)  fluid  approximation  [14,  151.  Since 
there  definitely  has  a  queue  and  we  are  only  concerned  with  the  surge 
of  queue  length  with  a  fixed  and  constant  repair  rate,  the  stochastic 
aspects  such  as  whether  or  rot  there  is  a  queue  is  no  longer  important. 
Therefcre,  deterministic  approximation  is  ideally  suited  to  model  this 


process 


To  illustrate  the  true  dynamics  of  a  war  during  the  initial  surge 
after  D-day,  consider  a  very  simplified  example  of  a  single  base  without 
depot  support.  In  other  words,  a  one-echelon  repair  system  with  no 
indenture. 

During  peace  time,  the  base  has  an  unlimited  repair  capacity  and 
all  repairs  are  performed  at  the  base.  Suppose  that  an  item  has  a  fixed 
dally  demand  rate  of  0.8  units  and  a  fixed  base  repair  time  of  5  days. 
Assume  that  the  initial  surge  of  a  war  lasts  15  days.  The  daily  demand 
rate  during  this  surge  period  is  3  units  per  day.  After  the  first  15 
days  of  the  war,  the  demand  rate  gradually  decreases  following  the 
decrease  in  flying  activity  which  has  the  form: 

Demand  =  \(.t)  =  3.16e  "°-lt  (1) 

This  decrease  in  flying  activity  was  used  by  Muckstadt  [1]  to 
demonstrate  the  differences  between  steady  state  and  dynamic  models. 
Thus,  the  expected  demand  rate  in  the  second  column  of  Table  1  is 
obtained  by  using: 

dk  —  0.8,  k  <  1,  k  >  28 

du  *  3.0,  likiW 
k 

dk  =  /  A(t)  dt,  k  =  15, 16,..., 28  (2) 

^-/jr 

Where  ^  is  the  expected  demand  rate  at  day  k. 

It  should  be  noted  that  these  equations  for  dally  demand  are 
arbitrarily  assumed.  The  daily  demand  rates  are  also  shown  in  Figure  3. 
Since  the  repair  time  is  5  days  and  the  repair  capacity  is  assumed 
unlimited  during  both  peace  and  war  times,  the  third  column  in  Table  1 
is  the  summation  of  the  demands  of  the  previous  5  days.  Assuming 
Poisson  arrival,  the  last  column  in  Table  1  is  the  smallest  nonnegative 
integer,  N. ,  such  that 


TABLE  1 


m 


UNLIMITED  REPAIR  CAPACITY,  15  DAYS  INTENSIVE  WAR 


Day 

Expected 

Demand 

Expected 

no.  of  units 

in  resupply 

Stock  level 

achieve  0.8 

no  back  or< 

0 

0.8 

4.0 

6 

1 

3.0 

6.2 

8 

2 

3.0 

8.4 

11 

3 

3.0 

10.6 

13 

A 

3.0 

12.8 

16 

5 

3.0 

15 

18 

10 

3.0 

15 

18 

15 

3.0 

15 

18 

16 

2.7 

14.7 

18 

17 

2.5 

14.2 

17 

18 

2.2 

13.4 

17 

19 

2.0 

12.4 

15 

20 

1.8 

11.2 

14 

21 

1.7 

10.2 

13 

22 

1.5 

9.2 

12 

23 

1.4 

8.4 

11 

24 

1.2 

7.6 

10 

25 

1.1 

6.9 

9 

26 

1.0 

6.2 

8 

27 

0.9 

5.6 

8 

28 

0.8 

5.0 

7 

29 

0.8 

4.6 

6 

30 

0.8 

4.3 

6 
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where  is  the  number  of  units  in  resupply  during  the  kth  day.  In 
other  words,  the  last  column  of  T  vle  1  represents  the  stock  level  on 
each  day  such  that  the  probability  of  having  one  or  more  backorders  is 
no  greater  than  0.2.  This  is  the  policy  the  Air  Force  uses  to  compute 
the  stock  level  for  spare  aircraft  engines  [23.  Observe  that  the  peak 
requirement  of  18  units  occurs  on  days  5  through  16.  (See  also  Figure  2 
where  the  third  column  in  Table  1  is  shown  as  Curve  A.)  The  process 
returns  to  the  minimum  or  peace  time  stock  requirement  of  6  on  the  29th 
day  after  D-day. 

Although  Table  1  shows  the  dynamics  of  initial  surge  of  a  war,  it 
does  not  show  the  true  dynamics  of  demand  due  to  one  important 
unrealistic  assumption,  namely:  the  base  has  unlimited  repair  capacity. 
Since  the  war  time  demand  is  asssumed  3.0/0.8  s  3.75  times  higher  than 
peace  time  demand,  it  would  be  very  unrealistic  and  very  expensive  to 
keep  a  repair  facility  with  repair  capability  3-75  times  higher  than 
required  during  peace  time.  Thus,  in  nearly  all  practical  situations, 
the  repair  capacity  is  certainly  limited  during  the  initial  surge  of  a 
war.  Even  if  ue  assume  a  restricted  war  limited  to  a  small  number  of 
bases,  we  still  need  time  to  increase  the  repair  capacity  by  moving 
equipment  and  technical  personnel  from  other  bases  to  the  bases 
concerned. 

Suppose  that  during  peace  time  only  80*  of  the  repair  capacity  is 
utilized  in  this  single  base  and  20*  of  the  repair  capacity  remains 
idle.  Since  the  item  requires  5  days  to  repair  and  the  peace  time 
demand  is  0.8  unit  per  day,  the  base  must  have  5  simultaneous  repair 
facilities  for  this  item.  Table  2  is  obtained  by  assuming  5  servers  or 
5  repair  facilities  in  the  base.  The  expected  demand  is  the  same  as  In 
Table  1  and  is  obtained  by  using  the  equations  in  (2).  Column  3  shows 
the  number  of  units  in  resupply  which  are  in  repair  and  Column  4  lists 
the  ma&bor  of  units  in  resupply  which  are  waiting  to  be  repaired  because 
of  limited  service  capacity.  The  total 
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LIMITED  REPAIR  CAPACITY,  15  DAYS  INTENSIVE  WAR 


Expected  Stock  level  required  to 
Expected  No,  in  No, in  no,  of  units  to  achieve  0.8  probability 

Demand  service  queue  in  resupply  of  no  back  orders* 


0 

0.8 

4.0 

0.0 

4.0 

6 

1 

3.0 

5.0 

1.2 

6,2 

8 

2 

3.0 

5.0 

3.4 

8.4 

11 

5 

3.0 

5.0 

10.0 

15.0 

18 

6 

3.0 

5.0 

11.2 

16.2 

20 

10 

3.0 

5.0 

20.0 

25.0 

29 

15 

3.0 

5.0 

30.0 

35.0 

40 

20 

1.8 

5.0 

36.2 

41 .2 

47 

25 

1.1 

5.0 

38.1 

43.1 

49 

30 

0.8 

5.0 

37.4 

42.4 

48 

35 

0.8 

5.0 

36.4 

41.4 

47 

51 

0.8 

5.0 

32.4 

37.4 

43 

101 

0.8 

5.0 

22.4 

27.4 

32 

201 

0.8 

5.0 

2.4 

7.4 

10 

•  - 

Assumed  Poisson 

distribution. 

This  assumption 

is  not  completely 

correct. 


number  of  units  in  resupply  is  the  summation  of  Columns  3  and  4.  The 
last  column  in  Table  2  is  obtained  in  the  same  way  as  those  obtained  in 
Table  1  by  using  Equation  (3).  However,  for  large  values  of  the  mean, 
M^,  the  cumulative  suns  for  Poisson  distribution  can  be  approximated  by 
normal  distribution.  Thus,  for  Mk  >  20,  cumulative  sums  of  normal 
distribution  are  used. 


It  should  be  emphasized  that  the  last  column  in  Table  2  is  not 
correct.  This  is  because  Poisson  distribution  is  assumed.  Thus,  the 
last  column  in  Table  2  should  only  be  used  with  great  care. 

Notice  that,  except  in  day  zero,  all  the  servers  are  busy  in  Table 
2  for  all  the  time  until  day  201.  (See  also  Figure  2  where  the  fifth 
column  in  Table  2  is  shown  as  Curve  C)  The  peak  requirement  of  49  units 
occurs  around  day  25.  The  process  did  not  return  to  the  peace  time 
stock  requirement  even  on  day  201. 

If  the  required  stock  level  is  obtained  based  on  unlimited  repair 
capacity  as  those  listed  in  Table  1,  the  stock  level  would  have 
understated  starting  on  the  6th  day  of  war  and  lasting  over  100  days. 
Furthermore,  the  actual  maximum  requirements  would  be  understated  by  49 
-  18  =  31  units  which  is  172  percent  understocked. 

Suppose  this  is  a  limited  war  and  the  repair  capacity  at  the  base 
can  be  increased  by  moving  repair  equipment  and  repair  technical 
personnel  to  the  base  fairly  quickly.  Furthermore,  suppose  that  this 
movement  required  ten  days.  Let  us  assume  that  the  repair  capacity  is 
doubled  at  the  11th  day  of  war.  In  other  words,  we  have  ten  servers 
starting  on  the  11th  day.  Using  the  same  demand  scenario,  Table  3  is 
obtained.  Observe  that  the  maximum  expected  number  of  units  in  resupply 
(MENUR)  is  36.2  and  this  peak  demand  occurs  at  around  day  15  to  day  20 
(see  also  Figure  3).  Compared  to  Table  1,  the  MENUR  is  understated  by 
36.2  -  15  =  21.2  units.  This  duration  of  understock  started  on  day  6 
and  lasted  until  day  36. 

Observe  that  by  doubling  the  service  capacity  at  the  11th  day  of 
war,  the  MENUR  is  reduced  by  7  units  or  only  approximately  20%. 
However,  the  duration  of  shortage  is  considerably  reduced. 

Another  way  to  increase  the  repair  capacity  is  to  increase  or  add 
overtime  for  the  workers.  Obviously,  there  is  a  limit  for  this  overtime 
because  of  repair  and  testing  equipment  and  manpower  limitations.  Let  us 
assume  that  on  D-day  we  can  increase  our  number  of  servers  from  5  to  8 
immediately  by  overtime  and  after  10  days  of  war  we  can  add  repair  and 
testing  equipments  and  manpower  to  10  servers.  The  results  in  Table  4  (see 
also  Figure  2)  are  obtained  under  these  service  capability  assumptions  with 
the  same  demand  scenario.  Notice  that  except  peace  time  and  the  first  day 
of  war,  all  the  servers  are  busy  until  the  36th  day  of  war.  Compared  to 
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Table  1,  the  MENUR  is  understated  by  a  maximum  of  30,2  -  15  =  15.2  units. 


TABLE  3 

Repair  capacity  doubled  after  ten  days,  15  days  intensive  war. 


Expected 

Expected 

No.  in 

No.  in 

no.  of  units 

Day 

Demand 

service 

queue 

in  resupply 

0.8 

4.0 

0.0 

4.0 

3.0 

5.0 

1.2 

6.2 

5 

3.0 

5.0 

10.0 

15.0 

3.0 

5.0 

20.0 

25.0 

11 

3.0 

10 

16.2 

26.2 

15 

3.0 

10 

25.0 

20 

1.8 

10 

26.2 

36.2 

21 

1.7 

10 

21.1 

31.1 

31 

0.8 

10 

11.4 

21.4 

41 

0.8 

9.4 

0.0 

9.4 

46 

0.8 

3.4 

0.0 

3.4 

If  the  required  stock  is  obtained  by  assuming  no  repair  capacity 
limitation,  the  duration  of  understock  which  would  limit  the  war 
fighting  capability  starts  on  day  6  and  lasts  until  day  35.  In  other 
words,  our  war  fighting  capability  would  be  greatly  reduced  during  most 
of  the  time  of  the  war. 

Thus,  the  dynamics  of  war  can  be  influenced  greatly  by  repair 
limitations.  The  expected  number  of  units  in  resupply  due  to  both  in 
service  and  waiting  to  be  served  from  Tables  1,  2  and  4  are  plotted  in 
Figure  2.  Unlimited  repair  capacity  assumption  can  cause  the  required 
stock  level  greatly  underestimated  even  under  the  most  optimistic 
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TABLE  4 


Five  servers  in  peace  time,  8  servers  during  day  1  to  day  10  and  10 
servers  after  day  10. 

Total  Expected 

Expected  No.  in  No.  in  no.  of  units 

Day  Demand  service  queue  in  resupply 


0 

0.8 

4.0 

0.0 

4.0 

1 

3.0 

6.2 

0.0 

6.2 

2 

3.0 

8.0 

0.4 

8.4 

5 

3.0 

8.0 

7.0 

15.0 

10 

3.0 

8.0 

14.0 

22.0 

11 

3.0 

10.0 

12.0 

22.0 

15 

3.0 

10.0 

19.0 

29.0 

20 

1.8 

10.0 

20.2 

30.2 

25 

1.1 

10.0 

17.? 

27.3 

30 

0.8 

10.0 

11.6 

21.6 

35 

0.8 

10.0 

5.6 

15.6 

36 

0.8 

10.0 

1.4 

11,4 

3? 

0.8 

9.6 

0 

9.6 

40 

0.8 

9.6 

0.0 

9.6 

41 

0.8 

5.4 

0.0 

5.4 

assumptions.  The  dynamics  of  war  not  only  depends  on  the  change  in 
demand  rate,  it  also  depends  heavily  on  the  repair  capacity  of  the 
system.  Since  nearly  all  of  the  currently  available  analytical  models 
such  as  the  dyna-METRIC  and  the  LMI  availability  model  do  not  consider 
the  repair  capability  limitations,  it  is  important  to  add  this  aspect 
into  the  models.  This  is  especially  true  in  view  of  the  fact  that 
because  of  the  severe  logistics  demand  during  the  initial  surge  of  war, 
the  required  stock  level  is  very  sensitive  to  the  intensity  and  duration 
of  war,  the  repair  capacity  or  limitations,  the  transportation  capacity 


and  how  quickly  we  can  mobilize  to  wartime  repair  and  transportation 
capabilities.  Because  of  this  severe  demand  on  the  various  resources,  a 
detailed  study  of  the  true  dynamics  of  war  is  a  necessity  in  order  to 
prepare  for  war  adequately  during  peace  time. 

It  should  be  mentioned  that  Monte  Carlo  simulation  models  such  as 
JEMS  and  TJEMS  do  consider  repair  capacity  limitations  [13]. 

To  illustrate  the  influence  of  repair  capacity  on  the  dynamics  of 
war,  the  results  in  Table  3  is  plotted  in  Figure  3.  The  difference 
between  the  expected  number  of  units  in  resupply  and  the  number  of 
servers  in  any  given  day  gives  the  queue  length  or  the  number  waiting 
for  service*  It  is  this  queue  length  or  the  area  inside  the  curves 
formed  by  the  points  ABCDE  that  is  important  from  logistics  standpoint. 
The  maximum  height  of  the  curve  at  point  B  represents  the  time  at  which 
the  maximum  queue  or  maximum  number  of  units  in  resupply  which  is  not 
available  for  use  and  the  duration  from  point  A  to  point  C  represents 
the  duration  at  which  there  are  units  waiting  to  be  repaired  or  the 
duration  during  which  the  repair  capacity  is  not  adequate.  Thus,  both 
the  height  and  the  width  (or  duration)  are  important  parameters.  For 
example,  if  we  assume  the  system  fails  any  time  there  are  15  units  or 
more  in  resupply,  then,  knowing  the  duration  or  width  of  the  area  ABCDE, 
one  can  estimate  the  mean  time  between  system  failures  (MTBSF).  For  the 
scenario  in  Figure  3,  this  MTBSF  is  36  -  5  s  31  days  which  is  obviously 
too  long  for  a  war  of  only  15  days  duration.  The  maximum  height  of  the 
area  can  be  used  to  estimate  the  maximum  number  of  units  which  are  in 
resupply.  Notice  that  because  of  the  fixed  repair  time  of  5  days,  there 
is  always  a  delay  of  at  least  5  days  during  which  time  the  unit  is  not 
available.  It  is  this  delay  that  makes  the  dynamic  so  severe. 

This  type  of  analysis  can  be  used  to  illustrate  the  influences  or 
sensitivity  on  the  dynamics  of  war  under  various  different  conditions 
such  as  the  length  of  repair  time,  transportation  time,  the  diration  and 
intensity  of  war,  repair  capacity,  and  the  various  delays  due  to 
limitations  on  repair  capacity,  transportation  capacity  and  shortage  of 
parts. 
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IV.  MULTI-ECHELON  AND  MULTI-INDENTURE  SYSTEM 


The  above  illustration  was  purposely  made  simple.  The  actual 
problem  is  complicated  by  both  the  structure  of  the  system  and  the 
repair  procedures.  An  airplane  is  structured  multi-indenture.  The 
repair  operation  in  the  Air  Force  logistics  systems  is  multi-echelon  in 
location  and  multi-station  at  a  given  location  for  any  given  repairable 
item. 

Even  for  this  complicated  system,  it  if  voected  that  the  above 
procedure  can  still  be  used  to  study  the  dynamics  of  the  initial  war 
surge.  This  is  because  the  basic  simplicity  in  the  approach  and  in  the 
computation.  However,  it  should  be  emphasized  that  only  during  the  war 
surge  period  where  demand  rate  is  much  higher  than  repair  capabilities, 
this  approach  can  be  used.  If  the  demand  or  failure  rate  is  relatively 
low,  the  probability  of  formulating  queue  or  no  queue  becomes  important 
and  the  deterministic  assumption  can  no  longer  be  used. 

Another  disadvantage  of  this  approach  is  that  because  this  is  a 
deterministic  approach,  all  the  stochastic  properties  are  lost.  For 
example,  in  obtaining  the  last  column  in  Table  1,  Poisson  distribution 
can  be  assumed  because  of  unlimited  repair  capacity.  However,  the  last 
column  in  Table  2  is  not  completely  correct.  This  is  because  of  limited 
repair  capacity  with  queue  and  thus  the  distribution  of  the  expected 
number  in  resupply  is  unknown.  This  is  why  in  Tables  2-**,  only  the 
expected  numbers  of  units  in  resupply  is  used.  The  stock  level  required 
to  achieve  0.8  probability  of  no  back  orders  is  unknown.  One  way  to 
overcome  this  disadvantage  is  by  the  use  of  diffusion  approximation 
which  will  be  discussed  in  the  next  section.  However,  by  the  use  of 
this  approximation,  the  computational  process  becomes  more  complicated 
as  compared  to  the  simple  procedure  discussed  in  the  previous  section. 

To  illustrate  the  multi-station  nature  of  the  repair  process, 
consider  the  "raw  engine  build-up"  procedure  after  the  base  receives  the 
engine  from  the  depot  [133.  The  flow  chart  for  this  multi-station 
repair  process  is  shown  in  Figure  ^  [same  as  Reference  1 3»  Chart  6].  As 
can  be  seen,  a  series  of  queues  can  be  formed.  A  queue  may  be  formed  to 
wait  for  the  stand,  as  a  second  queue  may  be  formed  to  wait  for  crew,  a 
third  queue  for  parts  if  parts  shortage  occurs,  and  a  fourth  queue  for 


the  test  cell*  Thus,  instead  of  a  simple  Queuing  process  as  that 
discussed  in  the  above  illustrations,  we  have  a  series  of  four  queues  in 
tandem.  The  distribution  of  the  output  from  this  series  of  queues  is 
obviously  much  more  difficult  to  obtain.  However,  if  we  only  consider 
the  initial  surge  period,  the  dynamics  of  this  tandem  queue  can  still  be 
obtained  in  essentially  the  same  way  as  that  discussed  in  the 
illustrations  by  assuming  constant  service  times  and  by  using 
deterministic  approximations.  The  only  difference  from  Tables  2  through 
4  are  that  there  are  more  than  oie  queues  waiting  to  be  served,  more 
than  one  service  station  in  series,  and  the  total  expected  number  of 
units  in  resupply  would  be  the  sum  of  all  those  in  services  and  in 
queues. 


RAW  ENGINE 


SERVICEABLE 
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To  add  the  multi-indenture  and  multi-echelon  property,  the  system 
is  even  more  complicated.  For  example,  in  order  to  repair  component  j, 
sub-component  1  may  be  needed.  But,  sub-component  i  may  be  back-ordered 
and  is  not  available.  Thus,  another  queue  can  be  formed  for  this  sub¬ 
component.  It  is  proposed  that  the  extension  of  the  above  procedure  to 
the  multi-indenture  and  multi-echelon  system  be  investigated  during  the 
mini-grant  program. 


V.  DIFFUSION  APPROXIMATION 


Although  the  deterministic  fluid  approximation  discussed  in  the 
previous  sections  is  simple  to  calculate  and  appears  to  be  ideally 
suited  for  study  the  dynamics  of  the  initial  war  surge,  the  stochastic 
property  of  the  system  is  completely  lost.  For  example,  we  can 
calculate  the  mean  of  the  back  orders  for  certain  item,  but,  we  don't 
know  the  distributions  of  this  back  order.  Obviously,  it  is  desirable 
to  know  the  distribution  also. 

Since  the  dynamic  queuing  equations  with  variable  arrival  rates  or 
variable  demand  rates  are  too  complicated  to  be  of  practical  use, 
various  other  approaches  to  consider  the  stochastic  property  of  the 
system  have  been  devised.  Two  approaches  which  appear  especially  suited 
to  model  the  Air  Force  logistics  systems  will  be  discussed  briefly  in 
this  and  the  next  section. 

The  diffusion  approach  [14-16]  is  based  on  the  idea  that  the  number 
of  units  in  the  system  is  so  large  that  the  integer  nature  of  the  count 
can  be  ignored.  During  the  initial  war  surge  period,  this  is  exactly 
the  situation  where  the  number  of  units  in  resupply  waiting  to  be  served 
is  large. 

The  behavior  of  queuing  system  is  abstractly  very  similar  to  the 
behavior  of  fluid  diffusion.  In  queueing  theory,  the  first  moment  of 
the  probability  density  is  the  analogue  of  the  center  of  gravity  of  the 
mass  distribution  and  the  variance  is  the  analogue  of  the  moment  of 
inertia  about  the  center  of  gravity.  Based  on  mass  balance  of  fluid 
flow  with  diffusion  and  after  some  manipulations,  the  following 
differential  equation  representing  the  probability  distribution  function 
of  the  queue  of  an  item  with  time-dependent  arrival  rate  can  be  obtained 


where  F(j^,t)  is  the  probability  distribution  function  of  the  queue  at 
time  t,  y^(t)  is  the  time-dependent  arrival  rate  at  time  tf/^is  the 
time-independent  or  constant  service  rate,  is  the  queue  length,  1^  is 
the  varianoe  to  mean  ratio  for  the  arrival  rate,  and  1^  is  the  variance 
to  mean  ratio  for  the  departure  or  service  rate. 


VI.  THE  FORMULATION  OF  NEW  STOCHASTIC  PROCESS 


Because  of  the  simultaneous  consideration  of  the  interaction  of  two 
nonstationary  stochastic  variables  (the  arrival  and  departure  stochastic 
variables),  the  dynamic  queueing  approach  is  very  complicated.  If  one 
could  extract  a  simpler  stochastic  process  from  the  system  based  on  the 
particular  characteristics  or  assumptions  of  a  given  process,  the 
problem  may  be  easier  to  handle.  Several  different  approaches,  such  as 
the  busy  and  idle  periods  concept  [15]  and  the  MTBSF  idea  [12]  are 
proposed  in  this  direction.  The  advantages  of  these  approaches,  are 
that  they  are  not  limited  to  the  war  surge  period.  Due  to  space  limita¬ 
tions,  this  possible  approach  will  only  be  discussed  briefly  here. 

As  discussed  in  the  previous  sections,  one  of  the  principal 
difficulties  in  using  existing  analytical  models  to  model  the  dynamics 
of  the  war  surge  is  the  assumption  of  unlimited  repair  capacity.  This 
assunption  can  cause  considerable  under  estimation  of  the  required  stock 
level*  From  Figure  3,  it  can  be  seen  that  the  duration  from  A  to  C  is 
an  important  variable.  This  duration  depends  on  the  relative  rates  of 
demand  and  repair  and  this  is  a  partial  measure  of  the  repair 
limitation.  The  MTBSF  defined  in  Section  III  represents  this  duration. 
For  example,  if  we  assume  the  system  fails  at  the  following  different 
numbers  of  units  in  resupply:  10,  15,  25,  30,  etc.,  the  corresponding 
MTBSF's  are  38,  31,  21,  13,  etc.  Thus,  the  area  AEDCB  can  be  obtained 
indirectly  by  using  different  values  of  MTBSF's. 

In  the  LMI  availability  model  or  the  recent  version  of  Dyna-METRIC, 
the  \  'oblem  is: 

Maximize:  (System  Availability) 

Subject  to:  (Total  Logistic  System  Cost)  i  C  (9) 

However,  the  MTBSF  is  also  an  important  variable.  It  measures  the 
duraion  during  which  the  war  fighting  capacity  is  greatly  limited. 
Thus,  instead  of  Equation  (9)  if  we  solve  the  problem: 


Maximize:  (System  Availability) 

Subject  to:  (Total  Logistic  System  Cost)  1C  (10) 

(MTBSF)  2  T 

The  dynamics  of  war  is  also  Indirectly  and  partially  considered. 
The  reason  that  this  is  only  a  partial  consideration  is  that  the  maximum 
queue  is  not  considered.  Once  the  queue  is  over  certain  length,  the 
system  is  considered  failed.  It  should  be  emphasized  that  this  is  a 
practical  and  useful  approach  for  the  Air  Force  logistics  systems. 

Graves  and  Kellson  [12]  proposed  this  approach  which  is  similar  to 
that  of  Goss  et  al  [11].  The  main  advantage  of  this  approach  is  that 
the  stochastic  variable,  MTBSF,  is  much  easier  to  describe  than  the 
stochastic  variables  traditionaly  used  in  queueing  theory.  These 
authors  reduced  Equation  (10)  into  a  zero-one  Integer  programming 
problem  which  can  be  solved  approximately  by  linear  programming.  This 
approach  appears  promising  although  some  computational  difficulties  must 
be  first  overcome. 


VII.  REOOMCNDATIOIIS 

The  deterministic  fluid  approximation  has  shown  to  be  an  effective 
tool  for  studying  the  logistics  for  recoverable  items  during  the  initial 
war  surge  or  during  any  critical  period  where  the  demands  extends  the 
repair  capacity.  However,  because  of  the  complexity  of  the  Air  Force 
logistics  systems  and  also  because  of  the  limited  time  during  the  summer 
research  program,  only  a  start  has  been  made  to  investigate  the 
logistics  of  this  critical  war  period.  Several  areas  need  further 
research.  The  most  fruitful  areas  for  further  Investigations  are: 

(1)  Expand  the  deterministic  fluid  approximation  into  one 
mathematical  analytical  model  for  the  thousands  of  recoverable  items  in 
the  Air  Force  logistics  system.  This  model  should  at  least  include  the 
multi-indenture,  multi-echelon  and  multi-station  repair  features  with 
limited  transportation  and  repair  capabilities.  Cannibalization  and 
lateral  resupply  will  also  be  included.  Because  of  this  limited 
transportation  and  repair  capacities,  the  model  is  much  more  complicated 


due  to  the  presence  of  various  queues.  However,  because  of  the 
simplicity  of  the  approach  as  shown  in  this  report,  the  model  should  be 
within  the  available  computer  capacities. 

(2)  Expand  the  analytical  model  obtained  above  to  cover  the  multi¬ 
indenture  in  structure  and  multi-echelon  in  storage  consunable  items 
with  emphasis  on  the  limited  transp  rtation  capabilities. 

(3)  In  order  to  further  expand  the  above  model  to  include  more 
accurate  stochastic  distributions  concerning  the  number  of  units  in  the 
repair  pipeline,  both  the  diffusion  approximation  and  the  formulation  of 
new  stochastic  processes  should  be  further  investigated.  Both 
approaches  appear  to  be  an  effective  technique  at  this  stage  of  the 
research.  However,  the  computational  effort  involved  must  be  consider¬ 
ably  reduced  before  it  can  be  applied  to  the  Air  Force  logistics  sys¬ 
tems.  These  approaches  can  be  applied  right  now  to  a  small  sub-system 
of  the  Air  Force  logistics  systems  such  as  a  module  or  an  engine  with 
only  few  most  important  modules. 

I  purpose  to  continue  the  investigation  based  on  the  above  recom¬ 
mendations  with  emphasis  on  the  particular  characteristics  during  a  war 
emergency  such  as  the  limited  repair  and  transportation  capabilities  for 
the  multi-echelon  and  multi-indenture  recoverable  items,  the  limited 
transportation  and  storage  capabilities  for  consumable  items,  and  the 
importance  of  cannibalization  and  lateral  resupply. 
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ABSTRACT 


A  design  for  an  automated  laser  densitometer  is  presented.  The 
design  allows  for  the  measurement  of  the  optical  density  of  samples  with 
high  attenuation  factors.  Such  materials  are  used  for  or  have  the  poten¬ 
tial  for  use  as  laser  protective  eyewear. 

The  densitometer  is  designed  to  measure  optical  densities  as  high 
as  8±,1  OD.  Both  pulsed  and  continuous  laser  sources  are  incorporated  in 
the  densitometer.  Wavelengths  in  the  range  488  nm  to  1064  nm  are  avail¬ 
able.  A  microcomputer  provides  the  automation  of  the  laser  densitometer, 
prompting  the  user  through  the  measurement  procedure,  making  the  meas¬ 
urements,  and  ultimately  performing  the  calculations  to  determine  the 
optloal  density  of  the  sample. 
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I.  INTRODUCTION 


The  task  of  developing  laser  protective  eyewear  is  especially 
difficult.  This  is  due  to  the  availability  of  many  types  of  lasers  with 
output  wavelengths  covering  the  UV,  Visible  and  IR  spectrum.  No  single 
protective  filter  can  function  at  all  wavelengths.  Thus,  the  problem  of 
evaluating  protective  eyewear  materials  is  important  for  determining  the 
best  materials  for  any  particular  environment.  The  Air  Force  has  had  a 
continuing  program  for  determining  the  suitability  of  laser  protective 
eyewear.  (1-5) 

Much  of  the  previous  work  used  laser  densitometry  to  measure  the 
transmission  of  optically  dense  samples.  (3-5)  Commercially  available 
spectrophotometers  such  as  the  Beckman  ACTA  MVII  are  capable  of  measuring 
a  change  in  transmission  of  three  orders  of  magnitude.  A  sample  which 
can  attenuate  light  by  three  orders  of  magnitude  is  said  to  have  an  opti¬ 
cal  density  of  three.  More  generally  optical  density  (O.D.)  is  related 
to  transmission  (T)  by  the  relation 

OD  -  L0C101.  (1) 

T 

The  laser  densitometer  used  by  Murray  W  was  capable  of  measur¬ 
ing  the  optical  density  of  very  dense  samples.  It  employed  a  nitrogen 
pumped  pulsed  dye  laser.  The  pulse  widths  of  these  lasers  were  less  than 
6  nano-seconds.  The  method  employed  required  that  this  short  optical 
pulse  be  split  into  two  optical  paths,  one  path  being  longer  than  the 
other.  The  light  from  both  paths  was  detected  by  the  same 
photomultiplier  tube.  Since  one  path  was  longer,  the  resulting  optical 
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delay  allowed  the  signals  from  the  two  paths  to  be  observed  as  two 
sequential  pulses  on  an  oscilloscope.  The  optical  sample  being  tested 
was  placed  in  one  path  which  changed  the  relative  size  of  the  two  pulses. 
Manually  changing  the  filters  in  the  sample  path  allowed  the  experimenter 
to  obtain  a  near  balance  of  the  pulse  signals.  The  optical  density  of 
the  sample  was  then  calculated  from  the  optical  density  of  the  filters 
removed  from  the  sample  path  and  the  ratio  of  the  sample  and  reference 
pulse  amplitudes. 

While  this  laser  densitometer  was  effective  it  had  two  drawbacks. 
First,  it  required  the  use  of  a  very  short  pulsed  laser  and  would  not 
function  with  either  a  long  pulse  or  a  continuous  laser.  Second,  the 
manual  filter  adjustments  were  cumbersome.  The  accuracy  of  the  optical 
density  measurements  depended  on  the  skill  of  the  operator  in  reading 
pulse  heights  on  the  oscilloscope  and  his  willingness  to  perform  the 
task. 

Subsequent  to  this  work,  Major  D.  Maier  of  USAFSAM/RZ  Laser  Labo¬ 
ratory,  constructed  a  prototype  laser  densitometer.  This  eliminated  the 
need  for  an  ultra  short  pulsed  laser  by  detecting  the  reference  beam  with 
a  second  optical  detector.  This  laser  densitometer  still  required  the 
operator  to  manually  move  neutral  density  filters  into  or  out  of  the  op¬ 
tical  path.  The  fundamental  concern  of  the  present  work  is  to  design  an 
automated  laser  densitometer  capable  of  using  either  pulsed  or  continuous 
lasers  as  a  light  source. 
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II.  OBJECTIVES 


The  design  objectives  of  the  laser  densitometer  were  as  follows: 

(1)  To  have  the  measurement  of  optical  density  be 
independent  of  laser  intensity  instability. 

(2)  To  measure  optical  density  up  to  8  OD  with  an 
accuracy  better  than  .1  OD  at  wavelengths  of  common  laser  sources,  and  at 
different  polarizations  of  the  source. 

(3)  To  automate  the  system  and  provide  user  interaction 
using  a  microcomputer. 

(4)  To  accommodate  the  various  laser  types  which  differ 
in  waveform,  wavelength  and  power  in  a  single  experimental  arrangement, 
avoiding  realignment  or  replacement  of  optics. 

(5)  To  select  and  order  the  appropriate  electronic  and 
optical  components. 

Ill .  System  Overview 

As  discussed  above  one  of  our  design  goals  was  to  measure  the 
transmission  of  samples  over  8  orders  of  magnitude.  This  is  difficult  in 
a  single  beam  absorption  experiment  because  even  the  best  optical  detec¬ 
tors  are  only  linear  over  six  orders  of  magnitude  in  intensity. 
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By  insuring  that  the  intensity  which  impinges  on  the  optical 
detector  is  independent  of  the  optical  density  of  the  sample,  the  diffi¬ 
culty  of  nonlinearity  can  be  overcome.  This  is  realized  by  using  a  feed¬ 
back  system  which  alters  the  intensify  impinging  on  the  optical  sample 
such  that  the  transmitted  light  is  a  constant  and  thus  independent  of  the 
sample’s  optical  density.  The  measurement  is  made  on  the  basis  of  how 
much  the  light  intensity  has  to  be  altered. 

A  diagram  of  our  implementation  of  this  method  is  shown  in 
Figure  1 .  The  laser  light  source  represents  one  of  several  lasers  avail¬ 
able  as  sources  in  this  system.  The  laser  beam  itself  is  split  into  two 
beams  by  a  beam  splitter.  The  left  optical  path  in  Fig.  1  is  consid¬ 
ered  the  reference  path.  It  provides  a  signal  to  the  feedback  system 
which  is  proportional  to  the  instantaneous  laser  intensity.  The 
right  path  is  the  sample  path. 

With  the  sample  temporarily  out  of  the  optical  path,  and  filters 
summing  to  an  optical  density  of  8  in  the  sample  path,  the  electronic 
signal  generated  by  the  beam  in  the  sample  path  is  matched  to  the  voltage 
of  the  reference  path’s  signal.  When  the  sample  is  placed  in  the  sample 
beam  path  the  two  signals  are  no  longer  equal  in  magnitude.  The 
microcomputer  provides  the  feedback  mechanism  in  this  system.  It  drives 
the  linear  actuators  (stepping  motors)  to  move  the  appropriate  filters 
out  of  the  sample  path  until  the  two  beams  are  again  equal.  Since  opti¬ 
cal  density  is  additive,  the  total  optical  density  of  the  filters  which 
were  removed  from  the  path  is  equal  to  the  optical  density  of  the  sample 
itself.  This  value  is  displayed  on  the  CRT  to  the  operator. 


59-7 


I  #  V 

v.*.\  • 


Vv« 


The  densitometer  contains  three  subsystems,  the  optics,  the 
analog  electronics,  and  the  microcomputer.  These  subsystems  will  be 
discussed  in  detail  here. 

Optics 

One  objective  of  the  design  was  to  be  able  to  test  optical  sam¬ 
ples  over  a  wide  range  of  irradiation.  Our  optical  design  includes  four 
separate  lasers  which  provide  radiation  at  six  distinct  wavelengths  span¬ 
ning  the  spectrum  from  488  nm  to  1060  run.  Two  of  the  lasers  provide  con¬ 
tinuous  radiation,  while  the  other  two  provide  a  pulsed  source  of 
radiation.  The  pulses  are  either  of  long  (750  usee)  or  short  (15  nsec) 
duration  depending  on  whether  or  net  the  laser  is  Q  switched.  Table  1 
lists  the  lasers  and  their  output  capabilities  including  wavelength  and 
pulse  length. 


Laser  Source 

Wavelength  (nm) 

Waveform 

Argon  Ion 

514.5 

488.0 

Continuous 

Helium-Neon 

632.8 

Continuous 

Ruby 

694.0 

Pulsed 

15  ns  or  750  usee 

Nd-Yag 

1064 

Pulsed 

530 

15  ns  or  750  usee 

TABLE  1:  LASER  SOURCE  OUTPUT  CAPABILITIES 


The  optics  table  layout  is  shown  in  Figure  2.  By  using  beam 

splitters  and  a  single  kinematic  stage,  all  four  of  the  laser  beams  become 
colinear  before  the  optical  beam  path  is  split  into  the  sample  ana  refer¬ 
ence  paths.  Thus,  all  of  the  lasers  are  permanently  aligned  so  that  any 
of  the  lasers  can  be  used  as  the  radiation  source  with  aminimal.  effort 
on  the  part  of  the  user.  As  any  one  of  the  four  beams  enters  the  sample 
path,  it  oust  be  within  a  certain  intensity  range.  The  minimum  intensity 
is  limited  by  the  minimum  light  required  to  produce  a  mid-range  signal 
from  the  photomultiplier  tube  used  as  the  detector  in  the  sample  path. 

Remember  that  in  the  sample  path,  the  light  is  attenuated  by  a 
factor  of  10®  by  the  combination  of  filters  and  the  sample  itself.  The 
damage  threshold  of  the  neutral  density  places  the  upper  limit  on  the 
intensity.  Using  the  characteristics  of  9808QB  photomultiplier,  a  beam 
intensity  in  the  range  of  50  mwatts/cm2  entering  the  sample  path  is  opti¬ 
mal  for  a  continuous  laser.  For  a  pulsed  laser,  the  time  response  char¬ 
acteristics  of  the  photomultiplier  tube  determine  the  optimum  peak 
intensity  in  the  sample  path  to  be  100  watts/cm2. 

All  lasers  used  in  this  system  have  sufficient  power  to  provide 
the  optimal  intensities  when  the  beams  are  1  cm  in  diameter.  In  fact, 
the  pulsed  lasers  must  be  attenuated  considerably  from  their  initial  peak 
intensities  which  are  on  the  order  of  75  megawatts  by  a  series  of  wedge 
prisms.  The  two  pulsed  laser  beams  propagate  through  the  wedge  prism 
attenuator  and  then  are  directed  into  the  common  optical  path  through  a 
mirror  mounted  on  a  kinematic  stage.  A  kinematic  stage  can  be  removed  from 


and  replaced  back  into  an  optical  system  with  high  precision  so  that  no 
optical  alignment  adjustments  are  necessary.  The  beam  is  then  split  by 
an  uncoated  beam  splitter.  A  little  over  90f  of  the  beam  goes  into  the 
sample  path.  The  remainder  of  the  light  goes  into  the  reference  path 
where  a  photodiode  monitors  the  laser’s  intensity. 

The  light  in  the  sample  path  is  attenuated  by  the  series  of 
neutral  density  filters  mounted  on  the  linear  actuator  shafts.  The 
nominal  values  of  the  filters  were  chosen  to  minimize  the  total  number  of 
filters  required  to  obtain  any  combination  of  optical  density  up  to  OD  8 
with  a  resolution  of  ±  .02  or  better.  The  filters  chosen  have  nominal 
optical  densities  of  4,  2,  1,  .5,  .3.  .2,  .1,  .0*1,  .03.  The  OD  H  filter 
is  constructed  out  of  two  OD  2  filters. 

Even  though  the  filters  nominally  have  a  constant  optical  density 
over  the  entire  spectrum,  this  is  not  true  to  the  accuracy  which  is 
required  in  this  system.  To  compensate  for  this  fact,  the  optical 
density  of  each  filter  must  be  measured  individually  at  each  wavelength 
of  interest.  This  table  of  measured  densities  vs.  wavelength  Is  then 
stored  in  an  array  within  the  microprocessor  memory.  It  is  used  when 
calculating  the  total  optical  density  which  has  been  removed  from  the 
sample  beam  path. 

The  sample  can  be  moved  vertically  and  horizontally  as  well  as 
rotated  around  both  its  vertical  and  horizontal  axes.  These  position 
adjustments  are  available  so  that  the  optical  density  of  the  sample  can 
be  measured  as  a  function  of  position  and  angle  of  Incidence.  The  two 
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angular  adjustments  are  required  because  the  lasers  are  linearly  polar¬ 
ized.  The  resulting  asymmetry  may  cause  an  angular  dependence  of  the 
samples  optical  density. 

There  are  two  uiiiur  differences  between  the  paths  of  the  continu¬ 
ous  and  pulsed  lasers.  The  first  difference  is  that  the  continuous  beam 
is  chopped  by  a  500  Hz  mechanical  chopper.  Chopping  the  optical  beam  re¬ 
sults  in  an  electrical  signal  from  the  optical  detectors  which  is  a 
square  wave  of  500  Hz.  We  will  later  see  that  this  is  important  in  re¬ 
moving  the  detector's  dark  current  and  other  noise  components. 

The  next  difference  in  the  optical  path  is  the  passing  of  the 
chopped  beam  through  a  5x  expanding  telescope  to  expand  the  beam  diameter 
to  1  cm.  In  the  pulsed  source  case  the  laser  beam  diameters  are  already 
1cm  in  diameter  upon  exiting  the  laser,  so  no  expansion  is  necessary. 

Just  before  the  beam  gets  to  the  detectors,  the  light  passes 
through  a  laser  line  filter.  Its  transmission  band  is  matched  to  the 
laser  being  used.  The  function  of  the  filter  is  to  pass  the  laser  signal 
and  prevent  the  room  lights  from  entering  the  sensitive  detectors.  The 
last  elements  in  the  optical  system  are  the  detectors.  A  photomultiplier 
tube  is  used  in  the  sample  path  and  a  photodiode  in  the  reference  path. 
Both  the  S-1  photocathode  of  the  photomultiplier  tube  and  the  silicon 
photodiode  detector  have  spectral  sensitivity  over  the  range  of  wave¬ 
lengths  of  the  laser  sources  used.  (See  Table  1 ) 


A  comparison  of  the  sample  and  reference  signal  magnitudes  will 
explain  the  choice  of  having  different  detectors.  The  sample  path  has  an 
attenuation  of  10®  of  the  incoming  light  because  of  the  neutral  density 
filter*  and  sample  in  its  path.  This  is  partially  compensated  for  by 
allowing  95$  of  the  source  light  to  enter  the  sample  path  and  only  5$  to 
enter  the  reference  path.  The  photomultiplier  tube  has  a  quantum  effi¬ 
ciency  of  about  1/500  (1  photoelectron  for  every  500  photons),  whereas 
the  photodiode's  quantum  efficiency  is  close  to  1.  The  photomultiplier 
has  an  Internal  current  gain  of  10®,  whereas  the  photodiode  has  unity 
gain.  This  would  still  leave  a  considerable  mismatch  in  the  two  signals. 
To  adjust  for  this,  as  well  as  limit  the  position  sensitivity  of  the 
photodiode  in  the  reference  path,  the  reference  beam  passes  through  an 
Intergrating  sphere  before  the  photodiode  senses  it.  The  integrating 
sphere  reduces  the  intensity  seen  by  the  photodiode  by  a  factor  of  2000. 
Thus  the  ratio  of  the  photomultiplier  signal  to  photodiode  signal  is 
nominally: 


PHT  Signal 
PD  Signal  * 


.95  x  10*®  x  (1/500)  x  10® 
— - 


.76 


(2) 


Thus,  t»*  two  signals  are  of  comparable  magnitudes.  Any  residual  differ¬ 
ence  between  the  two  signal  amplitudes  will  be  compensate*  for  by  vari¬ 
able  gain  amplifiers  within  the  following  analog  electronics. 


A  different  photodiode  is  used  for  the  pulsed  lasers  than  the  one 
used  for  the  continuous  lasers.  The  one  for  the  continuous  laser  detec¬ 
tion  has  a  surface  area  of  1  cm^.  This  diode's  surface  area  has  consider¬ 
able  capacitance,  making  the  detection  of  the  pulsed  lasers  impractical. 
Therefore,  the  UDT  PIN  040  photodiode  with  a  .04  nm2  surface  area  is 
used,  mis  diode  has  a  rise  time  less  than  4  x  10"9  seconds  and  can  be 
used  to  temporally  resolve  the  pulsed  laser  intensity  profile.  The  same 
photomultiplier  tube  is  used  for  both  the  continuous  and  pulsed  lasers. 

The  photomultiplier  tube  has  a  rise  time  of  2  x  10~9  sec  even  though  it 
has  a  large  area  photosensitive  cathode  (2  inch  diameter). 

The  output  signals  from  both  optical  transducers  are  currents. 
These  currents  are  converted  into  voltage  signals  by  trans impedance 
amplifiers.  The  expected  magnitudes  of  the  output  voltages  are  on  the 
order  of  .5V  Tor  both  the  sample  and  the  reference  signals. 

Electronics 

We  have  used  an  analog  circuit  subsequent  to  the  phototransducers 
and  their  trans impedance  amplifiers.  The  function  of  this  circuit  is  to 
determine  which  (if  either)  of  the  sample  or  reference  signals  is  larger 
and  to  digitally  encode  this  information  for  the  microcomputer.  The 
digital  signal  is  then  read  by  the  microprocessor  which  will  in  turn 
alter  the  intensity  in  the  sample  path  in  an  attempt  to  match  the  sig¬ 
nals. 


1  ■> 


Because  the  temporal  characteristics  of  the  analog  signals 
expected  from  the  pulsed  laser  sources  and  continuous  laser  sources  are 
significantly  different,  two  separate  analog  signal  processing  circuits 
were  designed.  In  both  circuits  care  must  be  taken  to  remove  the  portion 
of  the  signal  due  to  the  dc  dark  current. 

When  using  a  continuous  laser  source,  recall  that  a  mechanical 
chopper  interrupts  the  laser  beam  at  a  frequency  of  500  Hz.  Refer  to 
Figure  3  for  the  schematic  of  continuous  case  electronics.  The  first 
stage  of  the  analog  circuit  is  a  narrow  bandpass  filter  with  unity  gain 
at  the  center  frequency.  The  center  frequency  is  tuned  to  500  Hz  with  a 
bandwidth  of  ±  10  Hz.  Thus,  the  dc  dark  current  portion  of  the  signal  is 
rejected  by  this  amplifier.  In  addition,  the  noise  bandwidth  is  limited 
to  20  Hz,  eliminating  most  of  the  shot  noise  of  the  detector.  Addition¬ 
ally,  by  operating  away  from  very  low  frequencies,  1/f  noise  generated  in 
the  preamplifier  stage  is  minimized. 

The  second  stage  of  the  circuit  is  a  precision  full  wave  recti¬ 
fier  followed  by  an  RC  filter.  Notice  that  there  is  an  adjustable  gain 
on  the  rectifier  so  that  the  signals  in  the  sample  and  reference  paths 
can  be  balanced  prior  to  the  insertion  of  the  sample  into  the  optical 
path.  The  RC  filter  converts  the  rectified  signal  into  a  dc  level  which 
is  proportional  to  the  500  hertz  signal  which  is  in  turn  proportional  to 
the  li’ht  intensity  seen  by  the  phototransducer .  The  .1  second  time  con¬ 
stant  of  the  RC  filter  limits  the  ripple  of  the  500  Hz  fundamental  fre- 


quency  to  1/100  of  the  dc  level  produced.  The  buffer  amplifier  following 
the  RC  filter  isolates  the  filter  from  the  input  impedance  of  the  follow¬ 
ing  stage. 


Up  to  this  point,  the  circuitry  of  the  reference  and  sample  paths 
are  identical.  The  dc  signals  from  these  two  paths  are  now  subtracted 
and  the  difference  is  multiplied  by  10  for  better  resolution.  The  result¬ 
ing  output  of  the  subtractor  will  be  a  positive  dc  level  if  the  sample 
path  voltage  is  greater  than  the  reference  path  voltage  and  negative  if 
the  sample  path  voltage  is  less  than  the  reference  voltage.  The  result 
of  the  subtraction  between  the  signals  is  compared  to  5%  of  the  reference 
signal.  A  table  showing  the  encoding  of  the  relative  amplitudes  of  the 
sample  and  reference  signals  follows.  L  and  M  refer  to  the  outputs  of  the 
two  comparators  in  Figure  3. 


Comparator  Outputs 
0  -  low  1  *  high 

L _ M _ Significance 

0  0  Sample  signal  is  within  5%  of  reference 


0  1 

1  0 

1  1 


Sample  signal  is  greater  than  reference  by  more 
than  5%,  subtract  OD  from  path 

Sample  signal  is  less  than  reference  by  more  than 
5%,  add  OD  to  path 

Illogical  and  almost  impossible 


TABLE  2:  COMPARATOR  OUTPUT  SIGNIFICANCE 
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The  logic  of  the  subtraction  and  comparator  functions  is  the  same 
for  the  continuous  and  the  pulsed  circuits.  The  methods  used  to  obtain 
the  signal  levels  proportional  to  the  peak  intensities  of  the  sample  and 
reference  optical  signals  are  considerably  different.  See  Figure  4  for 
the  schematic  diagram  of  the  pulsed  case. 

The  specifications  of  the  OEI  5032  peak  sample  and  hold  device  require 
that  the  input  signal  be  positive.  The  output  of  both  phototransducers  are 
negative  currents,  and  subsequently  reslut  in  negative  voltages  from  the 
transimpedance  amplifiers.  To  provide  a  positive  input  to  the  peak  sample 
and  hold  device,  an  inverting  transistor  amplifier  is  used.  See  Figure  4. 

The  duty  cycle  of  the  pulsed  lasers  is  on  the  order  of  one  pulse  per 
second.  It  is  deisrable  that  the  intensity  comparison  be  made  on  a  single 
pulse  rather  than  integrating  the  signal  over  5  or  10  pulses.  Thus,  the 
information  must  be  obtained  from  a  single  pulse  of  short  duration.  A 
peak  sample  hold  device  captures  and  holds  the  peak  signal  seen  from  the 
pho transducer .  While  the  total  current  in  the  pulse  train  is  very  small 
(a  few  picoamps)  the  peak  current  is  in  the  milliamp  range.  Because  the 
peak  8am ole  and  hold  device  is  sensitive  to  the  peak  current,  the  dark 
current  can  be  neglected  since  it  is  orders  of  magnitude  less  than  the 
peak  current. 

In  order  to  obtain  the  long  hold  time  required  to  allow  the  longer 
laser  pulse  of  750  p  s  duration  to  finish  before  the  reading  is  taken, 
two  sequential  peak  sample  and  hold  devices  are  used.  The  first  peak 
sample  and  hold  device  has  a  fast  rise  time  in  order  to  catch  the  peak  of 
the  15  ns  pulse.  There  is  a  trade  off,  for  it  has  a  short  holding  time  of 


less  than  10  psec.  However,  this  holding  time  is  sufficient  to  allow  a 
slower  rising  peak  sample  and  hold  device  in  series  with  the  first  device 
sense  the  peak.  Its  decay  rate  is  .01  volts/sec.  The  peak  value  is  held 
for  more  than  a  millisecond.  This  is  long  enough  for  the  microcomputer  to 
read  the  resulting  comparator  outputs.  The  microprocessor  requires  a 
minimum  of  six  machine  cycles  to  perform  the  reading,  with  each  cycle  being 
one  microsecond  in  duration. 

All  of  the  peak  sample  and  hold  devices  are  discharged  by  a  signal 
from  the  microprocessor  just  prior  to  the  microprocessor  signal  which  fires 
the  lasers.  This  insures  that  a  reading  from  the  present  laser  pulse  is 
made  rather  than  from  the  peak  of  a  previous  pulse  which  is  still  being  held. 

As  mentioned  above  the  dc  levels  from  peak  sample  and  hold  devices  are 
inputs  to  the  indentical  subtraction  and  comparison  network  as  described  for 
the  continuous  laser  electronics.  The  resulting  output  signals  from  the 
comparators  are  TTL  compatible  and  are  read  directly  by  the  microcomputer. 

MICROCOMPUTER 

The  microcomputer  chosen  for  our  application  is  a  Synertek  Systems  SYM-1. 

It  is  based  on  the  6502  Central  Processing  Unit.  By  utilizing  plug-in  expansion 
capabilities,  4K  of  Random  Access  Memory  (RAM)  is  available.  To  accomodate 
our  application  software  the  Read  Only  Memory  (ROM)  is  expanded  to  24K.  The 
SY6522  Versatile  Interface  Adapter  (VIA) 


is  used  on  the  SYM-1  to  handle  peripheral  interfaces.  Three  VIA’s  are 
used,  each  with  16  lines  which  are  individually  programmable  to  act  as 
input  or  output  lines. 

The  microcomputer  system  provides  a  degree  of  automation  to  the 
densitometer  system  by  activating  the  linear  actuators,  reading  the  proc¬ 
essed  signals  from  the  electronics,  firing  the  laser  in  the  pulsed  case, 
and  giving  the  user  the  opportunity  to  repeat  the  test.  The  main  pro¬ 
gram,  written  in  BASIC,  provides  user  interaction  and  contains  the  deci¬ 
sion  making  algorithm.  Machine  language  subroutines  communicate  to  and 
from  the  input/output  ports.  Information  is  passed  from  BASIC  to  machine 
language  and  vice  versa.  These  programs  are  stored  in  Erasable  pro¬ 
grammable  Read  Only  Memory  (EPROM) .  The  user  is  instructed  to  turn  on 
the  laser  he  wishes  to  use  for  this  particular  measurement  and  to  input 
to  the  terminal  the  wavelength  and  wave  form  of  the  laser. 

The  difference  between  the  pulsed  and  continuous  cases  is  that  for 
the  pulsed  case  the  microprocessor  must  provide  the  discharge  capacitor 
signal  to  the  peak  sample  and  hold  devices  before  each  new  pulse,  and  then 
fire  the  laser  after  an  appropriate  delay.  For  the  continuous  case,  the 
optical  signal  is  time  invariant.  Thus  there  is  no  need  to  exercise  con¬ 
trol  as  in  the  pulsed  case. 

Control  is  then  transferred  to  the  raicroporcessor  where  the  filter 
positions  are  lntlalized  to  an  optical  density  of  8  in  the  sample  path. 

At  this  time  the  user  is  Instructed  to  match  the  sample  and  refer- 
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ence  beam  electronic  signals  by  adjusting  the  gains  in  the  electronics. 
The  comparators  are  repeatedly  read  and  when  both  are  low  and  remain  low, 
then  we  are  certain  that  the  amplitude  of  the  reference  signal  is  equal 
to  thaw  of  the  sample  signal  with  OD  8  in  path.  Once  a  match  is  made  the 
user  is  instructed  to  position  the  sample  and  indicate  when  ready  for 
measurement . 

The  insertion  of  the  sample  causes  an  inbalance  between  the  sam¬ 
ple  and  reference  signals.  Initially  the  microprocessor  senses  from  the 
electronics  connected  to  the  input  ports  that  there  is  less  intensity  in 
the  sample  path.  The  algorithm  responds  by  indicating  to  the  machine 
language  linear  actuator  drive  program  to  change  filters  in  decrements  of 
1  OD.  The  machine  language  program  then  determines  which  filters  need  to 
be  changed  in  the  beam  path  and  provides  the  triggering  and  direction 
input  (protraction  or  retraction)  to  the  motors.  This  continues  until 
the  imbalance  condition  is  reversed,  that  is  until  the  sample  path  has 
Just  less  than  an  optical  density  of  8.  A  binary  search  is  initiated 
until  the  combined  OD  of  the  known  filters  and  the  sample  is  as  close  to 
OD  8  as  the  smallest  filter'*  resolution  allows.  The  optical  density  of 
the  sample  is  thus  found  by  subtracting  the  known  filter  values  at  the 
wavelength  under  test  from  the  total  OD  used  at  null  (nominally  8  OD). 
This  value  is  printed  on  the  CRT  and  the  user  has  the  choice  of  repeating 
the  measurement,  changing  the  laser,  repeating  the  electronics  balance 
routine  or  stopping  the  program. 


IV.  RECOMMENDATIONS 


When  the  design  of  this  densitometer  is  implemented,  the  operator 
must  be  aware  of  its  capabilities  and  limitations.  The  densitometer  will 
measure  optical  densities  over  a  range  from  0  to  8  OD  with  a  resolution 
of  ±  .02  OD.  The  densitometer  may  give  erroneous  measurements  when  the 
density  of  the  material  is  either  time  or  intensity  dependent.  Glass 
embedded  with  a  bleachabie  absorber  is  an  example  of  j>jch  material. 

Other  efforts  in  the  USAFSAM  Laser  Laboratory  have  been  in 
exploring  the  spectral  emission  generated  by  the  plasma  created  by  a  high 
power  infrared  laser  impinging  on  airplane  windscreen  material.  The 
plasma  emission  contains  light  of  wavelengths  throughout  the  visible 
spectrum.  It  would  be  necessary  to  modify  the  densitometer  design  so  as 
to  test  samples  with  a  continuous  spectrum  of  visible  light  rather  than 
at  a  few  wavelengths.  An  organic  dye  laser  would  be  a  suitable  source 
for  it  can  provide  either  a  pulsed  or  continuous  wave,  tunable  throughout 
the  visible  and  near  infrared  spectra  (.*»  yrn  to  .9  yin).  Thus, 
incorporating  the  dye  laser  into  the  design  would  expand  the  capabilities 
of  the  laser  densitometer. 


REFERENCES 


1.  Fodor,W.J  Laser-Protection  Eyewear:  An  Evaluation  Procedure. 
SAM-TR-76-19.  USAF  School  of  Aerospace  Medicine,  Brooks  AFB, 
Texas  (May,  1976). 

2.  Fodor.W.J  Laser-Protection  Eyewear:  Preliminary  Results  from 
Colorfastness  Testing.  SAM  TR-76-^5.  USAF  School  of  Aerospace 
Medicine,  Brooks  AFB,  Texas  (Dec,  1976). 

3.  Taboada  J.  and  W.J.  Fodor.  Pulsed  Dye  Laser  Densitometry  Using 
An  Optical  Delay.  Appl.  Opt.  16(5)  1132-1133  (1977). 

Murray  R.  et  al.  Evaluation  of  Laser-Protection  Eyewear.  SAM 
TR-78-30.  USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  Texas 
(Oct,  1978). 

5.  Bwall  K.  R.  and  Murray  R.  Evaluation  of  Commercially  Available 
Laser  Protective  Eyewear.  FDA  79-8086.  US  Dept,  of  Health 
Education,  and  Welfare  (May,  1979). 

6.  Budax  A.,  Passive  and  Active  Network  Analysis  and  Synthesis, 
Houghton  Mifflin  Co., Boston,  1$74. 

7.  SYM-1  Reference  Manual,  Synertek  Systems  Corporation,  Santa 
Clara,  CA  1980. 


% 


v  v 

W  „*w  . 


t«v 


%v-v 


59-25 


.••V-V- 
’.'**.*•  V> 
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ABSTRACT 


This  report  describes  a  10-week  research  effort  to 
study  the  data  quality  of  the  Avionics  Laboratory's  TSCF 
distributed  data  acquisition  system.  This  facility 
generates  data  for  validating  Air  Force  models  and  for 
sensor  evaluation.  A  second-order,  alpha-beta  tracker  was 
designed  to  predict  the  value  of  a  parameter  one  sample  in 
advance.  Thus,  whenever  the  difference  of  the  predicted  and 
actual  data  exceed  a  threshold  value,  erroneous  data  are 
detected.  To  demonstrate  this  principle  and  to  develop  an 
off-line  aid  for  detecting  erroneous  data,  a  software 
package  called  DBQA  was  written,  debugged,  and  verified. 
This  software  package  was  used  to  evaluate  raw  data  and 
obvious  data  excursions  were  correctly  detected  as  erroneous 
data.  These  results  indicate  that  the  method  will  work  very 
well  in  a  real-time  environment. 
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I.  INTRODUCTION 


The  Department  of  the  Air  Force  conducts  research  in 
modeling  of  many  naturally  occurring  phenomenon.  For 
example,  models  of  the  atmosphere  assist  pilots  in 
determining  optimal  flight  plans.  Other  examples  include 
Tactical  Decision  Aides  (TDA)  which  provide  fighters  with 
information  on  when,  where,  and  how  to  attack  a  particular 
target.  All  models  approximate  a  complicated  system  and 
require  validation  to  determine  their  accuracy  and 
limitations.  To  meet  this  need,  the  Air  Force  Avionics 
Laboratory  developed  a  Targeting  Systems  Characterization 
Pacility  (TSCF)  composed  of  several  minicomputers,  a 
four-tank  scene  or  target,  and  an  array  of  sensors.  Besides 
validating  several  models,  the  TSCF  laboratory  allows  for 
extensive  evaluation  of  sensor  requirement,  precisions,  and 
ranges.  Both  the  Air  Force  Armament  and  Geophysics 
Laboratories  use  the  data  collected  by  the  TSCF  and  its 
instruments. 

The  TSCF  laboratory  consists  of  a  network  of 
loosely-coupled  minicomputers  configured  in  a  star 
architecture.  Bach  remote  node  is  physically  separated  from 
the  central  node  but  linked  to  the  central  node  with  a 
serial  communications  line. 

Building  622  houses  the  central  node  which  contains 
HP  2113  and  2112  minicomputers.  As  the  central  node,  these 
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minicomputers  coordinate  all  data  acquisition  activities  and 
enter  collected  data  into  a  data  base  management  system. 
This  software  package  provides  for  efficient  storage, 
manipulation,  and  retrieval  of  data. 

Located  in  a  tower  attached  to  Building  622,  the  first 
remote  node  uses  an  HP  6942  Multiprogrammer  to  monitor 
several  meteorological  sensors.  In  addition,  a  forward 
looking  infrared  (FLIR)  sensor  scans  the  target  scene  and  an 
additional  hot-patch.  Also,  this  tower  holds  a  calibrated 
infrared  source  monitored  by  a  transmissometer  at  the  tank 
site.  Approximately  2.25  km  separates  the  remote  node  and 
the  target  scene. 

Two  additional  remote  nodes  are  located  at  the  tank 
site.  One  of  them  contains  various  meteorological  sensors 
plus  several  temperature  sensors  mounted  on  a  tank.  These 
sensors  and  the  transmissometer  connect  to  an  HP  6942 
Multiprogrammer  which  serves  as  the  computer  for  this  node. 

Finally,  the  last  remote  node,  also  located  at  the  tank 
site,  contains  an  Inframetrics  210  radiometer  which  monitors 
the  tank  scene.  The  radiometer  sits  on  a  cherry  picker 
which  swings  a  180  degree  half-circle  to  obtain  different 
tank  profiles.  Under  control  of  a  DEC  11/23,  this  remote 
node  determines  average  radiance  values  and  sends  them  onto 
the  central  node  for  insertion  into  the  data  base. 

Typical  data  acquisition  periods  last  from  fifty-two 
<52 )  to  ninety-seven  (97)  hours.  During  this  time,  there 


exists  the  possibility  of  collecting  erroneous  data.  Since 
the  TSCF  collects  data  for  model  verification  and  sensor 
evaluation,  the  quality  of  data  must  be  assured.  Three 
factors  influence  the  quality  of  data:  completeness, 
out-of-bounds,  and  correlations.  Completeness  implies 
contiguous  data  for  the  duration  of  the  sample  period. 
Out-of-bounds  refers  to  the  magnitude  of  data  approaching  a 
value  not  consistant  with  existing  conditions.  And  data 
correlations  relate  to  the  interaction  of  one  parameter  with 
respect  to  another.  Together,  these  three  features  dictate 
the  quality  of  collected  data. 

With  this  brief  background,  the  problem  studied  in  this 
report  may  now  be  stated: 

HOW  CAN  THE  QUALITY  OF  COLLECTED  DATA  BE  ASSURED? 

Actually,  this  broad  question  consists  of  several  parts  as 
follows: 

1.  How  can  erroneous  data  be  detected? 

2.  What  should  be  the  response? 

3.  How  can  the  detection  and  response  be  implemented  and 
evaluated? 

Although  these  questions  are  dependent  on  each  other,  they 
must  all  be  answered  to  assure  the  data  quality  of  the  TSCF 
and  the  integrity  of  the  models  designed  by  Air  Force 
organizations. 
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II.  RESEARCH  OBJECTIVES 


To  arrive  at  solutions  to  the  above  questions,  several 
goals  were  established.  During  the  10-week  research  period, 
it  became  obvious  that  some  of  the  goals  required  more 
time  than  was  available.  None-the-less ,  to  solve  the  above 
problem  requires  completion  of  all  of  the  following  goals. 
Specifically,  the  goals  ares 

1.  To  survey  the  scientific  literature  for  methods  to 

detect  erroneous  data. 

2.  To  determine  the  best  method  for  the  given  application. 

3.  To  demonstrate  that  the  selected  method  will  detect 
erroneous  data. 

4.  To  implement  the  method. 

5.  To  evaluate  the  effectiveness  of  the  implemented 

solution. 

The  first  three  goals  represent  exploratory  research  while 
the  last  two  entail  less  basic,  more  applied  research. 

Thus,  only  the  first  three  objectives  have  been  considered 
during  the  10-week  research  period. 

Meeting  these  goals  greatly  impacts  the  future  research 
conducted  at  tl*o  TSCP  laboratory.  But  moreover,  the  results 
of  this  research  (a  methodology  to  detect  and  respond  to 
erroneous  data)  may  possibly  impact  and  benefit  a  much 
broader  range  of  scientists.  In  fact,  anyone  performing 


data  acquisition  and/or  control  requires  quality  data,  and 
this  research  will  be  of  interest  to  them. 

III.  DETECTING  ERRONEOUS  DATA 


From  the  beginning  of  computer-aided  data  acquisition, 
designers  developed  methods  to  check  and  sometimes  correct 
for  erroneous  data.  The  overall  approach  involves 
partitioning  the  system  into  several  sections  or  components, 
and  then  looking  for  the  presence  of  erroneous  data  within 
each  section.  Thus,  designers  may  view  a  distributed  data 
acquisition  system  from  various  levels. 

To  detect  erroneous  data,  two  methods  are  usually 
considered:  direct,  and  indirect.  The  direct  method  uses 
hardware  redundancy  to  compare  two  samples  of  the  same 
parameter.  If  the  samples  do  not  agree,  then  erroneous  data 
have  been  found.  Conversely,  the  second  method,  indirect, 
relies  on  a  mathematical  treatment  of  the  present  and  past 
data.  When  the  data  fail  to  exhibit  the  expected 
characteristics,  then  erroneous  data  have  been  found.  The 
direct  method  represents  a  simple  but  expensive  approach 
while  the  indirect  method  involves  a  sophisticated  but 
inexpensive  technique.  As  with  most  decisions,  each 
alternative  presents  some  advantages  and  some  disadvantages, 
and  the  specific  application  dictates  the  correct  choice. 

Typical  direct  methods  use  Triple  Modular  Redundancy 
(TMR)  to  both  detect  and  isolate  the  problem.  For  example, 
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and  Price ^  reported  on  e.  reliable  computer  using 
three  central  processing  units.  To  minimize  costs, 
designers  often  place  redundancy  only  in  critical  sections 
and  Hertel  and  Clark5  developed  a  technique  to  assist  in 
location  of  the  TMR.  All  TMR  schemes  require  a  perfect 
voting  mechanism  to  decide  which  modules  agree  and  to 
isolate  the  faulty  module. 

Indirect  methods  usually  fall  under  cm*  of  two 

techniques:  statistical  inference  or  digital  signal 

processing.  Often,  designers  use  estimation  theory  to  find 

an  approximate  form  for  the  distribution  and  density 

functions  of  the  mean  time  before  failure  (MTBF) .  This 

becomes  difficult  when  dealing  with  limited  sample  sizes  and 
2 

Dey  proposed  a  solution  to  this  problem.  Using  MTBF 
information,  equipment  may  be  removed  from  service  prior  to 
their  expected  failure  for  assured  data  quality. 

In  addition  to  MTBF,  other  statistics  such  as  means, 
standard  deviations,  and  correlations  may  be  estimated  using 
past  data.  Whenever  the  new  data  exhibit  statistics  beyond 
that  which  is  expected,  then  the  presence  of  erroneous  data 
have  been  detected.  For  some  parameters,  the  data 
excursions  follow  a  repeatable  and  predictable  pattern. 
Applying  regression  techniques,  past  data  may  be  fit  to 
curves  using,  for  example,  the  method  of  least  squares. 
During  data  acquisition,  should  the  data  not  follow  their 
expected  curves,  then  the  presence  of  erroneous  data  have 
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been  detected.  Good,  et  al.  ,  suggested  that  each 
sensor  periodically  read  a  calibrated  source.  Whenever 
these  readings  deviate  too  far,  then  the  presence  of 
erroneous  data  have  been  detected.  All  of  the  above  methods 
utilize  statistical  inference  theory  to  detect  erroneous 
data  and  will  sometimes  miss  bad  data  and  flag  good  data. 

Digital  signal  processing  may  be  viewed  as  the 
mathematical  transformation  of  a  sequence  of  numbers. 
Algorithms  may  be  used  to  estimate  various  parameters 
associated  with  a  sequence,  or  sequences  may  be  modified 
into  other  more  useful  forms.  When  sequences  represent 
signals  such  as  meteorological  data,  they  may  be  processed 
in  the  time  or  frequency  domain. 

Data  quality  assessment  in  the  frequency  domain  may 
take  several  approaches.  One  possibility  involves  spectral 
density  estimation  of  the  signal  and  noise  bandwidths.  If 
the  noise  bandwidth  is  narrow  compared  to  the  signal 
bandwidth,  a  digital  filter  may  be  designed  to  simply  remove 
the  noise.  More  often,  however,  the  noise  bandwith  is  wide 

Q 

compared  to  the  signal  bandwith.  According  to  Papoulis  , 
if  the  signal  and  noise  are  jointly  stationary  with  known 
spectra,  a  Wiener  filter  can  be  designed  to  produce  the  best 
estimate  of  the  signal. 

Another  possibility  for  data  quality  assessment  in  the 
frequency  domain  involves  fitting  the  data  spectral  samples 
to  a  finite  impulse  response  (FIR),  linear  prediction 


filter.  Oppenheim  and  Schaffer7  have  shown  that  the 
coefficients  of  the  FIR  filter  can  be  fit  to  the  data 
spectral  samples  using  the  least  squares  technique  or 
equiripple  approximation. 

If  the  data  are  nonstationary,  a  problem  common  to  all 
these  solutions  is  that  filter  parameters  require  constant 
updating.  Since  the  analysis  proceeds  in  the  frequency 

domain,  updating  the  parameters  requires  considerable 
computation  for  conversion  from  the  time  domain  to  the 
frequency  domain. 

To  reduce  the  required  computation,  a  digital  filter 

can  be  designed  in  the  time  domain.  Here,  filter 

coefficients  are  selected  to  minimize  the  mean-squared 

error  criterion.  For  the  research  discussed  in  this  report, 

a  second-order ,  infinite  impulse  response  (HR)  linear 

prediction  filter  was  selected  for  two  reasons.  First,  the 

incoming  data  are  assumed  to  be  nonstationary.  Kikuchi,  et 

al.^,  have  stated  that  higher-order  filters  may  not 

respond  to  quick  changes  because  they  tend  to  fit  long 

time-data.  Secondly,  a  second-order  filter  requires  fewer 

coefficients  to  optimize.  This  is  particularly  attractive 

since  the  minimization  of  the  mean-squared  error,  according 

g 

to  Rabiner  and  Gold  ,  is  a  nonlinear  function  usually 
solved  with  iterative  techniques. 
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The  second-order,  linear  prediction  filter  selected  for 
this  application  is  the  alpha-beta  tracker  developed  by 
Benedict  and  Bordner}  Originally  developed  for  a  radar 
track-while-scan  system,  the  basic  difference  equations  are: 

yp(k)  *  y (k  -  1)  +  Ty(k  -  1)  (1) 

y(k)  =  yp(k)  +  ot  [u(k)  -  yp(k)]  (2) 

y(k)  =  y  (k  -  1)  +  -j-  [u(k)  -  yp(k)]  (3) 

where: 

u(k)  »  noise  contaminated  input  signal, 

y(k)  ®  estimated  (smoothed)  input  signal, 

• 

y(k)  ■  estimated  (smoothed)  rate  of  change, 

yp(k)  *  predicted  next  value,  and 

T  *  sample  interval. 

After  taking  the  Z-transform  and  decoupling  Equations 
(l)-<3),  the  transfer  functions  are: 


Y  <Z) 


Z(  a  ♦  0  )  -  a 


U(Z) 


Z4  +  (/?  +  <*  -  2)Z  +  1  -  o 


(4) 


Y( Z )  Z(OfZ  ♦  0  -  a) 

U(Z)  Z2  ♦  (  0  +  o-  2)Z  ♦  1  -  a 

Y ( Z )  0  Z(Z  -  1) 


U(Z> 


T  Z4,  ♦  (  ft  ♦  a  -  2)Z  ♦  1 


(6) 


These  equations  were  implemented  in  the  data  base 
quality  assurance  (DBQA)  software  package  to  detect 


erroneous  data.  This  was  accomplished  by  comparison  of 
predicted  values  generated  by  Equation  (8),  with  actual 
data.  While  Equations  (9)- (10)  are  not  required  for  data 
prediction,  they  were  implemented  to  observe  the  basis  for 
the  system's  prediction. 

IV.  DBQA  PROGRAM 

The  DBQA  software  package  was  written  in  Fortran  4  for 
an  HP  1000  series  minicomputer  with  an  RTE  4  operating 
system.  This  program  was  used  to  verify  the  above  concept, 
aid  in  parameter  selection,  and  analyze  data  not  previously 
checked  for  erroneous  values.  Due  to  the  large  size  of  the 
DBQA  software  package,  it  was  necessary  to  segment  the 
program  into  nine  overlays.  Each  overlay  contains  a 
user-interactive  command  scheduled  by  the  DBQA  root.  A 
description  of  the  commands  follows. 

The  HELP  command  is  divided  into  brief  and  detailed 
explanations  of  the  other  eight  commands.  An  overview  of 
each  command  is  provided  by  the  brief  HELP  command. 
Conversely,  a  description  of  each  command's  input  prompts 
and  helpful  suggestions  for  choosing  proper  responses  is 
furnished  by  the  detailed  HELP  command.  Also  provided  are 
explanations  of  the  output  produced  by  each  command. 

Access  to  the  IMAGE  1000  data  base  by  year,  day,  start 
and  stop  times  is  provided  by  the  READ  command.  The  output 
is  placed  in  the  DBQA  buffer  whose  capacity  is  44  by  360. 


Positions  1  through  40  contain  meteorological  data  while 
positions  41  through  44  are  reserved  for  calculations. 

Numeric  values  of  the  DBQA  buffer  may  be  displayed  by 
the  use  of  the  PRINT  command.  Up  to  four  items  may  be 
displayed  at  once. 

The  PLOT  command  allows  the  DBQA  buffer  to  be 
illustrated  graphically  on  the  user's  CRT  or  a  hardcopy  may 
be  generated  on  the  HP  7210A  digital  plotter.  Up  to  four 
items  may  be  plotted  at  once. 

To  evaluate  arbitrary  filter  parameters,  the  PREDICT 
command  has  been  provided.  It  keeps  statistics  on  the  error 
so  different  parameters  may  be  compared. 

The  CALIBRATE  command  was  originally  designed  for 
program  development.  It  generates  three  deterministic 
signals;  a  sine,  step,  and  ramp  function  which  may  be  used 
to  verify  predictor  operation. 

With  the  OPTIMIZE  command,  filter  parameters  may  be 
located  which  minimise  the  mean-squared  error  of  the 
predicted  and  actual  data  values.  The  number  of  data  points 
used  in  the  optimisation  depends  upon  the  requested  READ 
command  start  and  stop  times  along  with  the  sampling 
interval  used  during  data  collection.  Using  an  initial 
guess  and  step  sise,  the  optimiser  determines  a  new  error 
and  then  compares  it  with  the  old  error.  When  the  error 
does  not  improve,  the  optimiser  cuts  the  step  size  in  half 
and  reverses  direction. 


Evaluating  data  with  the  predictor  is  performed  with 
the  TEST  command.  If  the  test  data  differ  from  the 
predicted  values  more  than  a  predetermined  limit,  the  data 
are  flagged.  Limits  to  flag  data  default  to  3  standard 
deviations  but  may  be  changed  as  required. 

The  DISTRIBUTION  command  provides  for  a  plot  or  list  of 
the  probability  density  and  distribution  function  of  the 
error  of  the  predicted  and  actual  data.  This  command  is 
useful  in  determining  limits  to  flag  erroneous  data. 

Together,  the  above  nine  commands  provide  a 
comprehensive  tool  to  evaluate  past  data  and  demonstrate  the 
real-time  capabilities  of  the  alpha-beta  trac1  r. 

V,  OBSERVATIONS 


Since  the  DBQA  software  package  operates  in  an  off-line 
mode,  all  observations  used  past  data  held  in  the  data  base. 
These  include  samples  not  previously  checked  for  erroneous 
values.  When  the  DBQA  software  evaluated  the  raw  data,  it 
correctly  detected  obvious  data  excursions  as  erroneous 
data.  Por  some  parameters,  proper  detection  required  an 
error  bound  of  2.5  standard  deviations  instead  of  the 
defaults  value  of  3. 

Both  the  density  and  distribution  of  the  error  between 
the  actual  and  predicted  values  were  determined  and  plotted 
for  several  parameters.  In  all  cases,  the  error  resembled  a 
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normal  curve  within  the  limitations  of  a  small  sample  size. 
This  fact  verified  our  use  of  standard  deviations  as  a  bound 
on  acceptable  data. 

While  using  the  optimizer,  we  found  that  nearly  all 
alpha  values  ranged  from  0  to  1.  In  fact,  the  optimizer 
works  quickly  with  an  initial  guess  of  0.5  and  step  size  of 
0.25.  After  20  to  30  iterations,  the  improvement  in  error 
becomes  quite  small.  Because  of  the  algorithm,  the 
optimizer  functions  more  efficiently  when  the  step  size 
equals  one-half  of  the  initial  alpha  value. 

A  moving  time-window  of  samples  was  used  to  optimize 
for  new  alpha  values.  Using  these  results,  the  DBQA 
software  correctly  predicted  in  advance  and  properly 
detected  erroneous  data.  From  these  experiments,  we  have 
confidence  that  a  moving  time-window  of  samples  to  optimize 
for  new  alpha  constants  will  function  well  in  a  real-time 
environment. 

VI.  RECOMMENDATIONS 

Now  that  exploratory  research  has  demonstrated  the 
potential  for  success  of  the  above  method  to  detect 
erroneous  data,  some  suggestions  are  appropriate  to  aid  in 
real-time  implementation  and  for  topics  of  further  research. 
First,  a  real-time  implementation  involves  modification  of 
the  software  which  coordinates  the  TSCF  distributed  data 
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acquisition  system.  Since  the  DBQA  software  package  was 
written  primarily  to  demonstrate  a  principle,  its 
architecture  requires  major  changes  for  real-time  execution. 
We  recommend  that  a  new  software  package  be  developed  with 
an  architecture  that  considers  real-time  constraints. 
Furthermore,  this  package  should  use  a  moving  time-window  to 
optimize  for  new  alpha  values  prior  to  predicting  the  next 
samples.  In  fact,  the  old  alpha  values  will  serve  as 
excellent  initial  guesses  for  the  optimizer,  and  20  to  30 
iterations  should  provide  4  to  5  digits  of  precision. 

For  a  response  to  detection  of  erroneous  data,  we 
suggest  that  the  suspect  data  not  be  removed  from  the  data 
base  until  an  expert  evaluates  the  data  for  consistencies. 
Instead,  one  response  is  to  notify  the  appropriate  computer 
operator  or  other  responsible  person  that  a  specific 
parameter  requires  checking.  Then,  the  person  can  log  onto 
the  computer  system  what  corrective  action  was  taken  for 
later  reference. 

As  for  topics  of  further  research,  one  concerns  the 
alpha-beta  tracker.  Higher-order  equations  may  prove 
superior  prediction  than  the  alpha-beta  method,  but  they  may 
also  require  greater  computational  time.  Perhaps  a  tradeoff 
exists  here  between  accuracy  and  computational  requirements. 
Another  topic  of  study  involves  the  moving  time-window  for 
optimisation  of  the  alpha  constants.  A  longer  interval 
improves  accuracy  and  nullifies  the  effects  of  erroneous 


data,  but  since  the  data  are  probably  not  stationary  a 
smaller  time  interval  improves  accuracy.  In  addition,  the 
time-window  shape  may  impact  accuracy.  Again,  tradeoffs 
exist  here  between  accuracy,  computational  requirements, 
effects  of  nonstationary  data,  and  length  and  shape  of  the 
moving  time-window.  Even  though  the  DBQA  optimizer 
functions  well,  other  schemes  may  converge  quicker  and 
require  fewer  computations.  Thus,  the  optimizer  should  also 
be  studied.  Finally,  the  last  topic  for  further 
investigation  is  to  determine  the  data  characteristics  in 
the  frequency  domain.  Few  researchers  have  considered  the 
frequency  domain  to  detect  erroneous  data  primarily  because 
of  the  real-time  computational  constraints.  But  with 
today's  high-performance  computers  and  the  increased 
understanding  of  multiple  processor  architectures,  real-time 
frequency  analysis  becomes  feasible.  Investigation  of  these 
topics  will  impact  research  conducted  at  the  Avionics 
Laboratory's  TSCF  by  providing  incresead  data  quality 
assurance.  A  minigrant  proposal  will  be  submitted  to  AFOSR 
for  follow-on  support  of  these  research  topics. 
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BY 
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ABSTRACT 


Photchemical  reactions  were  studied  in  a  small  indoor  smog  chamber 
using  long-path  Fourier  transform  infrared  spectroscopy.  Three  types  of 
experiments  were  carried  out  to  characterize  the  smog  chamber:  the 
irradiation  of  background  air,  ozone  decay  in  the  absence  of  light, 
and  photooxidation  reactions  of  the  propene-NC^-air  system.  The 
absorbance- time  profiles  of  major  products  were  determined  in  the 
background  air  system.  The  ozone  decay  rate  was  determined.  The 
concentration- time  profiles  of  reactants  and  major  products  were 
determined  and  important  reaction  mechanisms  were  mentioned  for  the 
propene-NOjf-air  system. 


Ac  knowledgement 


The  authors  would  like  to  thank  the  Air  Force  Systems  Command,  the  Air 
Force  Office  of  Scientific  Research,  and  the  Southeastern  Center  for 
Electrical  Engineering  Education  for  providing  them  with  the  opportunity 
to  work  on  a  very  interesting  project  at  the  Air  Force  Engineering  and 
Services  Laboratory,  Tyndall  AFB,  FL.  They  would  like  to  acknowledge  the 
laboratory,  in  particular  the  Environmental  Sciences  branch,  for  its 
hospitality  and  excellent  working  conditions. 

They  would  like  to  express  their  appreciation  especially  to  Or.  Daniel 
A.  Stone  for  introducing  them  to  the  area  of  atmospheric  photochemistry 
and  for  his  collaboration  and  guidance,  and  to  Mr.  Michael  V.  Henley  for 
assisting  in  the  experiments  and  data  analyses. 


I.  INTRODUCTION: 


Photochemical  smog  was  recognized  more  than  three  decades  ago  in  Los 
Angeles.  Since  then  a  large  number  of  studies  have  been  carried  out 
trying  to  understand  the  photochemistry  of  air  pollution.  Unfortunately, 
the  photochemistry  of  the  polluted  atmosphere  is  exceedingly  complex;  many 
gaseous  pollutants  exist  in  the  atmosphere  and  hundreds  of  chemical 
reactions  may  take  place  simultaneously.  One  approach  to  solve  this 
problem  is  to  conduct  laboratory  experiments  in  which  factors  affecting 
the  photochemical  reactions  can  be  carefully  controlled.  Laboratory 
experiments  usually  involve  only  one  or  two  hydrocarbon  and  typical 
amounts  of  nitrogen  oxides,  carbon  monoxide,  and  water  vapor.  Such 
experiments  have  been  carried  out  since  the  1950's1  in  reaction  cells 
commonly  referred  to  as  "smog  chambers"  and  are  still  being  done  in  many 
laboratories2"7.  A  great  deal  of  highly  useful  information  has  been 
generated  in  such  chamber  studies  and  many  kinetic  mechanisms  have  been 
proposed  which  have  helped  elucidate  the  fundamental  chemistry  of 
photooxidiation  processes.  Another  approach  of  current  air  pollution 
research  is  the  development  of  computer  models  for  photochemical  smog 
formation8"12.  Computer  models  are  based  upon  detailed  reaction 
mechanisms  and  the  rate  constants  of  all  elementary  processes  involved, 
and  they  should  be  validated  by  data  collected  in  smog  chamber 
experiments.  Therefore,  generation  of  accurate  data  from  laboratory  and 
smog  chamber  experiments  is  absolutely  necessary  for  the  success  of  the 
computer  modeling  and  the  understanding  of  the  photochemistry  of  air 
pollution. 

Many  military  operations  involve  large  quantities  of  aircraft  fuels. 

Ir.  the  presence  of  NO*  and  sunlight,  the  hydrocarbon  components  of  such 
fuels  can  be  photo-oxidized  to  yield  ozone  and  other  oxidants.  The  Air 
Force  is  interested  in  the  investigation  of  the  atmospheric  fates  and 
impacts  of  these  jet  fuels.  Smog  chamber  experiments  involving  major 
components  of  these  fuels  are  required  in  order  to  understand  the 
consequences  of  these  fuels  in  the  atmosphere.  However,  before  any 
experiments  can  be  performed  in  a  smog  chamber,  the  chamber  has  to  be 
well-characterized.  The  project  was  undertaken  with  the  goal  of 
characterizing  the  smog  chamber,  so  that  subsequent  experiments  involving 
the  major  components  of  ]et  fuels  can  be  carried  out. 


II.  OBJECTIVE: 


Although  smog  chambers  have  been  used  since  the  late  195Q's,  the 
quantitative  agreement  among  the  results  of  different  systems  has  been 
poor.  Many  factors  have  contributed  to  this  problem,  such  as  different 
sizes ,  shapes,  and  the  nature  of  the  chambers,  different  light  sources, 
and  different  analytical  techniques  and  instruments13.  It  is,  therefore, 
very  important  that  each  smog  chamber  be  well  characterized.  For  this 
reason,  the  main  objective  of  this  project  was  the  characterization  of  the 
smog  chamber. 

Hie  approach  to  smog  chamber  characterization  involved  three  types  of 
experiments.  The  first  type  was  irradiations  of  pure  air  to  determine 
background  reactivity  levels.  The  second  was  the  determination  of  ozone 
decay  rate  in  the  absence  of  light.  The  third  was  photooxidation 
experiments  of  propene  in  combination  with  nitrogene  oxides.  The  time 
history  of  reactants,  and  important  intermediates  and  products  was 
followed  with  long-path  Fourier  transform  infrared  spectroscopy. 

HI.  EXPERIMENTAL: 

long-path  Fourier  transform  infrared  spectroscopy  was  used  as  the 
analytical  monitoring  technique  for  our  studies.  The  ZP-FTIR  technique 
has  been  applied  to  the  measurement  of  low  level  pollutants  in  the 
atmosphere  for  many  years  and  has  proved  to  be  among  the  more  specific, 
sensitive,  and  accurate  methods  for  the  detection  of  many  molecular 
spc:  iMVM4-17. 

The  schematic  diagram  of  the  long-path  infrared  photochemical  reaction 
chamber  is  shown  in  Figure  1.  The  infrared  instrument  is  a  Nicolet  6000C 
Fourier  transform  infrared  spectroscopy  system.  The  system  uses  a  g lobar 
as  the  light  source  with  optimized  amissivity  for  the  400  to  4000  cm"1 
spectral  range.  The  interferometer  is  a  continuous  scan  Michel  son 
interferometer  with  germanium-coated  KBr  beam  splitter  and  a 
liquid -nitrogen  cooled  mercury-cadmium- tel luride  detector  for  the  region 
700*4000  cm"1.  It  can  provide  a  variable  scan  speed  from  0.07  to  5 
cm/sec.  and  a  variable  resolution  from  0.06  to  8  cm"1.  Data  is  processed 
by  the  Nicolet  SR- 80  data  system.  The  data  system  consists  of  64K  memory, 
analog -to-4igital  converter,  color  raster-scan  for  alphanumerics  or 
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interactive  graphics  display,  keyboard  terminal,  digital  plotter,  and  dual 
disk  drive.  The  system  also  has  a  software  package  allowing  many  kinds  of 
data  manipulation  such  as  spectral  subtraction,  baseline  correction, 
integration,  peak  picking,  spectral  library  searching,  etc.  During  a  scan 
of  the  interferometer  mirror,  the  detector  signal  is  digitized  at  the 
number  of  points  required  for  the  desired  spectral  resolution  and  is 
stored  in  the  computer.  A  chosen  number  of  successive  scans  are  added 
together  in  the  computer,  thus  averaging  the  noise  but  building  up  the 
signal.  The  signal  digitized  sum  interferogram  is  then  transformed  by  the 
computer  to  a  spectrum.  The  spectra  can  be  stored,  retrieved,  divided 
into  each  other,  subtracted  from  each  other,  and  plotted  in  various  modes. 

The  long-path  cell  was  constructed  of  a  0.1 52-meter  by  3.05-meter 
section  of  Pyrex*  pipe18.  Three  mirror  White-type19  multiple-pass  optics 
were  installed  in  Plexiglass*  mounts  in  the  cell  at  2.75  meter  separation. 
A  helium-neon  laser  was  mounted  under  the  optical  bench  and  its  beam 
directed  to  follow  the  infrared  beam  optical  path  for  use  in  the 
alignment  and  adjustment  of  the  multiple  pass  cell.  With  the  aid  of  this 
laser,  mirrors  II  were  adjusted  to  give  two  rows  of  images  on  mirror  I 
corresponding  to  the  desired  number  of  passes  of  the  laser  beam  through 
the  cell.  During  the  course  of  the  experiments,  19  laser  dots  were 
obtained  corresponding  to  4x19  or  76  passes  through  the  cell  for  a  total 
path  length  of  209  meters.  The  entire  length  of  the  oell  can  be 
irradiated  by  ban)*  of  fluorescent  lamps.  The  fluorescent  lamps  installed 
in  the  system  are  GE*  F4QBIB  black  lights  and  Wes tinghouse *  FS40  sun  lamps 
with  an  output  in  the  region  from  300  to  400  nm.  The  light  intensity  of 
the  lamps  used  in  the  irradiation  experiments  wa»  uetetminec  to  b* 
kg«0.33  min.*"1  by  the  rate  of  photolysis  of  NOj20. 

A  typical  experimental  run  is  described  below.  First,  the  cell  was 
evacuated.  Then  pre-measured  amounts  of  materials  were  introduced  into 
the  long-path  cell  via  an  attached  vacuus  manifold,  either  through  a 
silicon  septum  on  the  manifold  with  a  syringe  or  by  attaching  a  glass  bulo 
with  Teflon*  valves  at  ooth  ends  to  the  manifold  and  flushing  the  contents 
into  the  oell  with  fill  gas,  which  was  eitner  nitrogen  for  reference  gases 
or  air  for  sasple  gases.  The  gas  mixture  was  circulated  with  a  mechanical 
diaphram  pump  for  a  few  minutes  before  an  experiment  started.  All 
experiments  were  run  at  room  temperature  and  atmospheric  pressure. 

An  air  conditioning  unit  was  used  to  keep  tne  temperature  from  rising  vnen 


the  fluorescent  lamps  were  turned  on.  A  background  spectrum  was  always 
taken  before  the  sample  spectrum  so  that  the  single  beam  sample  spectrum 
could  be  ratioed  against  it  an d  converted  to  a  transmittance  spectrum  or 
an  absorption  spectrum.  Reference  spectra  of  03,  NO2 ,  HCHO,  HCOOH, 
CH3COOH,  PAN,  HNO3,  propene,  and  n-butane  were  taken  and  stored  on  the 
monitor  disk  for  use  in  subtraction  mode  or  other  purposes.  The  reference 
spectra  and  the  background  spectra  were  taken  at  512  scans  and  the  sample 
spectra  at  128  scans,  all  at  1  cm"1  resolution.  In  the  irradiation 
experiments,  spectra  were  taken  at  appropriate  time  intervals,  stored  on 
a  disk,  and  analyzed  at  a  later  time. 

IV.  DETERMINATION  OF  THE  CONCENTRATION: 

Jh  order  to  follow  the  chemical  kinetics  of  reactions,  an  accurate 

knowledge  of  the  concentrations  of  reactants  and  products  as  functions  of 

time  is  required.  The  infrared  method  uses  a  characteristic  peak  of  a 

compound  in  the  spectrum  for  identification  and  applies  the  Beer-Lambert 
0 

law  for  the  determination  of  the  concentration. 

According  to  the  Beer-Lambert  law: 

A  -  In  I,,  *  €LC  (1) 

I 

where  A  •  absorbance 

In  -  natural  logarithm 

Iq  ■  incident  intensity  of  infrared  frequency  of  the 
characteristic  peak 

1  •  transmitted  intensity 

€  ■  absorption  coefficient,  cm"1  at*”1 

L  -  optical  path  length,  cm 

C  “  concentration  in  terms  of  partial  pressure,  atm 

In  practice,  the  absorption  coefficient  £  was  either  determined 
experimentally  or  taken  from  the  literature.  The  path  length  L  was 


determined  from  the  number  of  laser  dots  as  explained  in  Section  III,  and 
the  absorbance  A  was  determined  from  the  absorption  spectrum.  The 
concentration  of  the  gas  in  terms  of  its  partial  pressure  was  then 
calculated  from  eq.  (1). 

The  characteric  frequencies  chosen  and  the  absorption  coefficients  of 
the  molecular  species  involved  in  the  experiments  are  listed  in  Table  1 . 
Incorrect  absorption  coefficients  are  the  most  likely  source  of  error  in 
atmospheric  infrared  studies*  They  depend  on  the  shapes  of  the  infrared 
bands,  the  experimental  conditions,  and  the  instruments.  There  is  a  large 
variation  in  absorption  coefficients  found  in  the  literature. 


V.  THE  BACKGROUND  REACTIVITY  IEVELS  OF  AIR: 

Smog  chamber  contamination  is  one  of  the  problems  encountered  in 
the  laboratory  experiments2 3' 24 #  ^he  contamination  can  arise  from  the 
wall  material  itself  or  from  residual  compounds  sticking  to  the  chamber 
wall  from  previous  runs.  For  this  reason,  it  is  important  to  know  the 
background  reactivity  levels  of  the  air  used  in  the  experiments. 

The  zero  air  was  introduced  into  the  reaction  chamber  at  room 
temperature  and  a  pressure  of  760  torr.  After  a  bac  kg  round  spectrum  was 
taken,  the  air  was  irradiated  with  the  fluorescent  lamps  described  in 
Section  III.  Spectra  were  taken  every  30  minutes  for  450  minutes  and 
analyzed.  The  following  products  were  identified  by  their  characteristic 
peaks:  HCOOH  at  1105  cm-1,  CO  at  2170  cm"1,  CH3COOH  at  1180  cm"1,  and 
CH3CHO  at  1760  cm"1.  The  absorbances  at  the  frequencies  chosen  were 
measured  and  plotted  against  the  irradiation  time  as  shown  in  Figure  2. 
The  absorbances,  instead  of  the  concentrations.,  were  plotted  against  the 
irradiation  time  because  the  absorption  coefficients  of  CH3COOH  at  1180 
cm"1  and  CH3CHO  at  1760  cm"1  were  not  available.  However,  the 
concentrations  of  HCOOH  and  CO  after  450  minutes  of  irradiation  were 
calculated  to  be  0.093  ppm  and  0.525  ppm,  respectively,  using  the 
absorption  coefficients  listed  in  Table  1  . 

VI.  THE  QEO«  DARK  DECAY: 


An  experiment  often  needed  to  characterize  a  reaction  chamber  is  the 
determination  of  the  ozone  decay  rate  in  ti*a  absence  ot  lighc  aid  otneL 
reactants.  In  the  absence  of  other  reactants,  ozone  is  removed  by  the 
following  process: 

O3  ♦  wall — - >  loss  of  O3  (2 


and  hence 


-  d  -  *1  IOjJ 

dt 


(3 


where  k«  is  the  rate  constant  fcr  reaction  (2). 


Solving  eq.  (3)  yields: 


-In  (03]t  -  k,t  -  In  [03]o  (4) 

where  (03lo  and  (03]t  are  the  concentrations  of  ozone  at  time  0  and  time 
t,  respectively*  A  plot  of  -  In  [03]t  versus  t  will  give  a  straight  line 
and  the  slope  is  the  rate  constant  k^  . 

A  small  amount  of  ozone  was  introduced  into  the  reaction  chamber  and 
the  chamber  filled  with  the  zero  air  at  760  torr  and  room  temperature. 
Spectra  was  taken  at  t»0  and  every  30  minutes  after  the  lamps  were  turned 
on.  The  absorbance  at  1055  cm*1  was  measured  at  various  irradiation 
times.  A  plot  of  -  In  [03]t  versus  t  was  made  and  the  slope  calculated 
as  shown  in  Figure  3.  The  rate  constant  k1  was  determined  to  be  0.2369 
hr*1  or  6.6x10*5  sec.*1. 

Background  ozone  d  ;<.y  rate  constants  have  been  determined  elsewhere 
and  usually  were  in  the  ,ange  of  (0.5-3.2)x10~5  sec.  *1  25-27 .  Our 
constant  was  higher  due  to  che  fact  that  our  chamber  is  smaller  and  thus 
has  a  higher  surface  to  volume  ratio.  The  background  ozone  decay  rate  is 
negligible  compared  to  :ne  ozone  decay  rate  in  the  presence  of  hydrocarbon 
reactants,  which  is  gre  ter  than  ixiO”3  sec.*1  25“27. 

VII.  F HOTOCK  3DAT ION  OF  THE  PROPENE-NOy-A  IR  SYSTEM: 

The  photooocidation  of  the  propone- N0^ -air -system  has  been  studied  most 
frequently  and  most  extensively  in  both  snog  chamber  experiments  and 
coaputer  simulations.7*9'  12»  28»  29.  It  is,  cneref or a,  an  imp^rtaut 
model  reaction  of  photochemical  air  pollutior.  we  chose  to  study  this 
system  as  a  reference  baseline  to  characterize  our  smog  chamber. 

Experiments  with  different  initial  concentrations  of  gases  were 
carried  out  in  the  amgg  chamber:  (1)  3  ppm  C3H$+1 .‘  ;>pm  NOj-nch  NO*  m 
dry  air,  (2)  10  ppm  C3H$  ♦  3  ppm  NO^-rich  NO^  in  dry  air,  (3)  3  ppm  C3H§  ♦ 
1.5  ppm  NO>rich  NO^  in  dry  air,  and  (4)  10  ppm  C3H$  ♦  3  ppm  NO-rich  NO*  m 
dry  air.  Important  products  positively  identified  were  CH3CHO,  CO,  HCKO, 
HCOOH,  03,  and  PAN.  The  concentration  time  profiles  of  these  products 
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3.  It  has  generally  been  recognized  that  OH  attack  on  the  propene 
is  the  most  important  pathway  in  the  propene  consumption. 

There  may  be  as  many  as  five  possible  pathways  for  the 
reaction  of  OH  with  propene,  but  the  following  pathway  is 
believed  to  be  the  most  important: 


CH3CH=CH2  +  OH - >CH3CHCH2OH  (12) 

CH3OiCH2OH  +  02 - >CH3CH02CH2OH  (13) 

CH3CH02CH20H  +  NO - >CH3CHOCH2OH  +  N02  (14) 

CH3CHOCH2OH - >CH3CHO  +  CH2-H  (15) 

CH2OH  +  02 - >HCHO  +  H02*  (16) 


4.  Another  important  pathway  for  propene  consumption  is  via  ozone 
attack*  Addition  and  fragmentation  reactions  are  possible. 

Th<3  addition  reaction  is  known  as  the  Criogee  pathway: 

qi3CH-CH2  +  03 - >CH3CHO  +  HCHOO  (17) 

HCHOO  +  NO— >HCHO  +  N02  (18) 

HCHOO— >HCOOH  (19) 

CH3CH-CH2  ♦  03 - >CHJCHOO  ♦  HCHO  (20) 

CH3CH00  +  NO- - >CH3CH0  ♦  N02  (21) 

The  following  reactions  show  the  fragmentation  reactions: 

CH3CH-CH2  +  03 - >HCH0  ♦  CH3*  +  H02*+  C02  (22) 

CH3CH-CH2  ♦  03 - >CH3CH0  ♦  2  H02*  ♦  C02  (23) 
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5.  The  third  pathway  for  the  propene  consumption  is  the  attack  of 
0  atoms  on  the  propene: 


CH3CH*CH2  +  0 - >CH3CHCH20 - >C2H5CHO  (24) 

CH3CH-CH2  +  0 - >CH3CO»+  CH3*  (25) 

Of3CO-+  02 - >CH3C03*  (26) 

CH3C03-+  NO - >CH3C02*+  N02  (27) 

CH3C03*+  N02 - >CH3C03N02(PAN)  (28) 


VIII.  RECOKMENDAT  IONS : 

The  results  from  the  three  types  of  experiments  performed  in  the  smog 
chamber  generally  were  in  agreement  with  the  results  obtained  from  other 
smog  chambers  in  terms  of  the  products  found  as  well  as  the 
concentration- time  behavior  of  the  major  species.  The  smog  chamber 
system,  therefore,  has  the  capability  and  sensitivity  to  be  used  tp 
perform  most  types  of  photochemical  smog  simulations.  The  experiences 
we  have  gained  from  these  experiments  will  allow  us  to  continue  working 
on  research  in  the  area  of  atmospheric  photochemistry. 

CXir  recommendations  and  suggestions  for  follow-on  research  are  as 
follows: 

1.  Incorrect  absorption  coefficients  used  to  calculate  concentration 
are  the  most  likely  source  ~f  error  in  atmospheric  infrared 
studies.  Different  values  were  obtained  from  different  systems 
and  they  may  differ  by  as  much  as  an  order  of  magnitude. 
Therefore,  absorption  coefficients  should  ba  determined 
experimentally  for  the  RDVC  smog  chamber. 


It  has  been  generally  agreed  that  OH*  radicals  initiate 
photochemical  reactions  of  hydrocarbons  and  are  the  major 
attacking  species  in  these  reactions.  Therefore,  we  suggest  that 
photochemical  reactions  be  carried  out  with  OH*  radicals.  OH* 
radicals  can  be  generated  most  conveniently  by  the  photolysis  of 
gaseous  nitrous  acid,  HO  NO. 30. 

For  the  follow-on  research,  we  plan  to  continue  working  in  the 
area  of  atmospheric  photochemistry,  We  would  propose  specific 
research  projects  in  which  the  Air  Force  has  an  interest.  This 
would  be  done  through  a  mini-grant  proposal  using  the  facilities 
at  the  Environmental  Sciences  Research  laboratory  of  the  EPA  in 
Research  Triangle  Park,  N.C.,  or  at  the  Department  of 
Environmental  Sciences  and  Engineering  of  the  University  of  North 
Carolina  at  Chapel  Hill,  N.C. 
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PARTITIONING  EQUILIBRIA  OF  VOLATIUB  POLLUTANTS 


IN  THREE  PHASE  SYSTEMS 
by 

Leonard  W.  Lion  and  Doug  Gar bar ini 


ABSTRACT 

Vo^tile  pollutants  in  unsaturated  ground  water  systems  are  partitioned 
between  the  gaseous,  aqueous,  and  solid  phases.  Equilibria  between 
aqueous  solution,  the  atmosphere,  and  a  solid  adsorbent  are  evaluated  in 
this  research.  An  equilibrium  head  space  technique  is  employed  to 
determine  Henry's  Law  constants  and  activity  coefficients  for  components 
of  JP-4  Fuels  and  for  trichloroethylene.  Sorption  equilibria  for  these 
same  compounds  are  also  determined  on  aluminum  oxide  (AI2O3)  with  and 
without  humic  acid  coating  materials,  on  humic  acids  in  the  absence  of 
AI2O3,  and  on  naturally  occurring  Air  Force  base  soils. 
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I.  INTRODUCTION: 


Ttie  fate  of  various  pollutant  organic  compounds  introduced  into 
groundwater  systems  is  a  pressing  and  ubiquitous  environmental  problem  in 
many  areas  of  the  United  States.  This  problem  is  of  concern  to  the  U.S. 
Air  Force  since  groundwater  contamination  has  been  detected  on  or  near 
several  Air  Force  Bases • 

The  U.S .  Air  Force  is  currently  conducting  an  active  research  program 
designed  to  both  investigate  feasible  treatment  strategies  for  ground- 
water  clean  up  and  to  study  the  reactions  of  groundwater  pollutants  which 
may  control  their  transport.  Two  classes  of  nonionic  organic  pollutants 
are  currently  among  those  of  concern  to  the  Air  Force:  (1)  those 
typically  found  in  cleaning  solvents  and  degreasers  such  as 
trichloroethylene  (Td)  and  (2)  those  found  in  jet  frels,  such  as  toluene 
and  naphthalene.  These  materials  may  be  introduced  into  soils  and 
ultimately  groundwater  aquifers  in  a  number  of  different  ways  including 
through  spills,  and  rupture  or  leaking  of  underground  storage  containers. 

In  unsaturated  aquifer  systems  contaminant  compounds  may  be  removed 
from  solution  by  several  mechanisms  including  volatilization,  sorption  and 
biodegradation.  The  first  two  of  these  processes  were  examined  in  the 
research  which  was  conducted.  The  reactions  are  illustrated  in  schematic 
fashion  in  figure  1  and  are  briefly  discussed  below. 
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Figure  1:  Potential  reactions  for  a  nonionic  organic  pollutant  compound 
in  a  three  phase  abiotic  system. 


A.  Volatilization 


Gas  exchange  equalibria  for  compounds  are  governed  by  Henry's  Law: 
H  -  Cg/A!  ( 1 ) 

where  i*  is  the  Henry's  Law  constant 
Gg  is  gas  concentration 

and  A^  is  the  activity  of  the  compound  in  solution. 

Coapound  activity  and  concentration  in  solution  are  interrelated  through 
the  activity  coefficient: 

Aj.  -  tfq  (2) 

where  "S  is  the  activity  coefficient 
and  C}  is  the  aqueous  solution  concentration. 

Activity  coefficients  for  neutral  molecules,  such  as  those  considered 
in  this  study,  are  commonly  related  to  solution  ionic  strength  by  the 
empirical  equation: 

log  If  -  kr  (3) 

where  k  is  referred  to  as  the  salting  coefficient 

and  1  is  the  ionic  strength  of  solution1 . 

To  the  authors  Jmowledge,  activity  coefficients  and  salting 
coefficients  for  many  of  the  constituents  of  Air  Porce  jet  fuels  and 
degreasing  compounds  have  not  been  determined,  however  it  is  clear  that 
these  values  may  need  to  be  known  in  order  to  precisely  describe  both  gas 
exchange  and  sorption  equilbria. 

Henry's  Law  Constants  for  compounds  are  often  reported  as  either 
dimensionless  numbers  (this  convention  has  been  adopted  in  this  report) 
or  with  units  of  atm-l/mole?  the  two  values  being  interrelated  by  the 
universal  gas  constant  and  temperature  ( *K)  as  follows: 

H  (dimensionless)  *  H  (atm-l/mole)/RT  (4) 

Henry's  Law  Constant*  are  sometimes  estimated  from  reported  values 
for  compound  solubility  in  water  and  vapor  pressure. 

H  (dimensionless)  -  16.04  PH  /  S  T  (5) 

where  P  -  vapor  pressure  in  am  Hg 
H  -  molecular  weight  (grams) 

S  ■  solubility  (mg/1) 

T  •  absolute  temperature  (*K) 


Unfortunately,  reported  values  for  solubility  of  many  organic  compounds 
can  often  vary  over  an  order  of  magnitude  with  a  concomitant  uncertainty 
in  the  calculated  value  of  H.  Accurate  values  for  Henry's  Law  Constants 
are  essential  to  the  description  of  the  fate  of  volatile  compounds  in 
unsaturated  groundwater  aquifers, 

B •  Sorption 

Available  data  for  the  sorption  of  nonionic  organic  compounds 
typically  reveal  linear  sorption  isotherms2* 3 and  therefore  the 
equilibrium  between  solution  and  the  adsorbing  solid  may  be  described  by  a 
simple  partitioning  coefficient: 

Kp-T/Ai  (6) 

where  Kp  is  the  partitioning  coefficient  and  P  is  adsorption  density 
(mg  adsorbed/g  adsorbent). 

It  is  noteworthy  that  such  a  linear  relationship  results  from  the  Langmuir 
adsorption  isotherm: 

r  =r^Li L 

K  ♦  AX  (7) 

at  low  solution  concentrations  (ie  when  A^  >>  K).  A  linear  relationship 
also  results  from  the  Freundlich  adsorption  isotherm: 

r  -  ■»)"  (si 

when  n  -  1 . 

At  soil  ogranic  carbon  concentrations  >  1%  organic  solute  equilibria 
appear  to  be  controlled  by  the  organic  content  of  the  adsorbent5  and 
therefore  the  observed  partitioning  coefficient  may  be  normalized  to  the 
weight  fraction  of  organic  carbon  as: 

Koc  -  Kp/f  (9) 

where  f  is  the  weight  fraction  of  organic  carbon  on  the  soil 
and  Koc  is  the  normalised  partitioning  coefficient. 

Although  investigators  are  in  agreement  on  the  importance  of  soil  organic 
matter,  the  mechanism  of  the  binding  reaction  between  the  organic  solutes 
and  the  solid  phase  is  uncertain.  Both  the  terms  "sorption,"  which  is 
frequently  used  to  refer  to  a  surface  reaction,  and  "partitioning,"  which 
refers  to  an  extraction  phenomena,  have  been  employed  to  describe  the 
binding  proofs2***5*7. 
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Observed  Koc  values  have  been  related  to  compound  solubilities  in  water 
and  to  compound  octanol -water  partitioning  coefficients  (Kow)2#4#6.  An 
implication  of  these  results  is  that  sorption  of  nonionic  organic 
pollutants  on  a  given  aquifer  material  may  be  predicted  solely  on  the 
basis  of  the  sorbent's  organic  content.  In  addition,  these  results 
suggest  that  the  specific  nature  and  form  of  the  soil  organic  material  may 
not  be  relevant  to  sorption  equilibria.  These  implications  have  not  been 
rigorously  tested. 

II.  OBJECTIVES  OP  THB  RESEARCH  EFFORT 

Major  research  objectives  were  as  follows  * 

1 •  To  evaluate  the  applicability  of  an  equilibrium  head  space 
technique  to  the  determination  of  Henry's  Law  constants  for  individual 
compounds  typical  of  JP-4  fuels.  Initial  method  verification  was 
performed  using  TCE,  a  compound  for  which  the  experimental  procedure  had 
previously  been  successfully  employed.  TCE  was  also  included  as  a 
compound  of  interest  in  subsequent  experiments  in  which  compound  activity 
coefficients  and  sorption  equilibria  were  evaluated. 

2.  To  determine  the  effect  of  solution  composition  on  compound 
activity  in  solution.  Variables  examined  included  the  effect  of  compound 
concentration,  the  effect  of  the  presence  of  additional  compounds  in 
solution  -  both  polar  and  nonpolar,  the  effect  of  ionic  strength,  and  the 
effect  of  electrolyte  composition. 

3.  To  examine  the  applicability  of  a  modification  of  the  equilibrium 
headspace  technique  to  the  measurement  of  compound  sorption  from  solution 
and  to  study  the  Influence  of  organic  carbon  on  compound  sorption 
behavior,  variables  considered  Included  the  effect  of  the  presence  of  an 
organic  (e.g.  humic  acid)  coating  on  compound  sorption  by  a  hydrous  oxide 
(AljOj),  the  effect  of  the  form  of  the  organic  material  (e.g.  humic  acids 
coated  on  AljO}  vs.  humic  acids  in  the  absence  of  AljO})  and  the  effect  of 
the  nature  of  the  organic  material  (varied  by  carrying  out  sorption 
experiments  on  both  synthetic  and  naturally  occurring  soils). 


III.  GAS  EXCHANGE  EQUILIBRIA  AND  MEASUREMENT  OF  ACTIVITY  COEFFICIENTS 
A.  Introduction 


Recently  equilibrium  partitioning  in  closed  systems  (EPICS)  has 
been  shown  by  Lincoff  and  Gossett8  to  be  a  reliable  procedure  for  the 
determination  of  Henry's  Law  Constants  for  compounds  with  dimensionless 
Henry's  constants  <  3*  For  two  identical  bottles  (1  and  2)  containing  the 
same  compound  mass  but  with  different  liquid  and  gas  volumes,  Lincoff  and 
GosMtt8  .ho-  that.  (Cgi/Cg2)VirVl2 

Vg2-  (Cg1/Cg2)Vg1  (,Q) 


H  * 


where  Cg^  and  Cg^  Are  compound  concentrations  in  the  bottle 

headspaces  ,  and  Vj  are  the  liquid  volumes  in  the  bottles, 
and  Vgi  and  Vg2  are  the  gas  volumes  in  each  bottle. 

Thus,  Henry's  Law  Constant  may  be  determined  by  G.C.  headspace 
analysis  of  gas  concentration,  and  is  independent  of  the  compound  mass 
employed  in  the  experiment. 

For  compounds  of  low  volatility  or  high  molecular  weight,  G.C. 
headspace  analysis  may  not  be  feasible.  However,  liquid  phase  analysis 
may  also  be  employed  since  for  the  same  two  identical  bottles,  it  may  be 
shown  thatt 


Equations  10  and  11  are  written  assuming  the  aqueous  phase  behaves 
as  an  ideal  solution  and  therefore  »  1 .  However,  the  EPICS  technique 
may  also  be  employed  to  evaluate  compound  activity  coefficients • 

For  two  identical  bottles  containing  the  same  compound  ~  and  the 
same  liquid  and  gas  volume i  but  in  only  one  of  which  (bottle  i)  the 
compound  behaves  ideally,  the  following  relationship  applies; 


«WV% 


(ID 


and 


*r  •  Vgi  +  ‘  +  % 

H 

H.  -  C  Vn  ♦  C,  V,  -  C  ♦  ^2  V, 
T  g2  g2  12  12  g2  —  12 


(12) 

(13) 


62*8 


,v'.' 


'.•/.•.S'.' 


•V.’.v.*/ 


.>V.\V 


*1 


CoMbining  equations  12  and  13  and  solving  for  ^  gives: 

i  -  (Vi/H)  [(C?1/Cg2)  (Vg  +  VH)]  _1 

Therefore  'f'  say  be  determined  using  the  ratio  of  gas  concentrations 
determined  in  the  two  bottles. 

B.  MATERIALS  AND  METHODS 

The  chemical  constituents  of  JP-4  jet  fuels  have  been  analyzed 
and  reported  by  Smith  et  alj*  77  major  components  were  identified.  A 
subset  of  15  components  of  JP-4  were  utilized  by  MacIntyre  et  al10  for 
investigation  of  sorption  equilibria  on  soils  and  are  listed  in  table  1  • 
Compounds  from  this  list  which  were  available  at  the  USAF  Environics 
Laboratory  at  Tyndall  APB  were  utilized  in  this  study. 

Table  1.  Representative  Components  of  JP-4  Fuels 

Vapor  H** 


Molecular  Pressure*  Solubility  (dimension- 


compound 


Structure 


Weight  (gm)  (mm  Hg) 


(•9/1) 


leas) 


n-hexane 


cyclohexane 


w  m  H  M  H  H 
M-C-d*  t-t-C-C-M 

I  •  I  ♦  * 

M  H  M  w  M  H 


H  W  M  14  W  W  M 

n-hsptane  h-i-C-C-C-i-t-C-  w 


»»'«*,» 
r*  H  *  W  W  M  y 


methyl cyclohexane 


toluene 


n-octane 


U  M  H  H  H  H  N 


86.17 

107" 

120" 

13*2 

41  .2 

84.16 

66.511 

7  7" 

55*2 

6.0 

100.20 

32. 811 

35" 

2.4*2 

77.5 

98.19 

34.25 1  1 

14*3 

13.2 

92.13 

20. 911 

515” 

0.27" 

22." 

(25*0 

114.22 

10.4n 

11" 

0.66’J 

101  .5 

Tahiti  1  (Continued) 


Compound 


ethyl cylohexane 


Vapor  H*  * 

Molecular  Pressure*  Solubility  (dimension- 
Structure  Weight  (ga)  (an  Hg)  (mg/1)  leaa) 


112.2 


9.411 


'L.:- 

•/  V 


%  .  •  V.  - 

//V-. 


p-xylene 


isopropyl - 
bensene 


1,3,5  trimethyl-  iQl 
Me 

bensene 


161 


indan 


naphthalene 


106.2 


120.2 


120.2 


118.17 


128.16 


2-metfaylnaph  thale  ne  (oTor1  '  142.2 


n-tstradeoane 


C14H20  198.4 


6.512  19#12  0.1< 

3,411  5012  .42 

3.212 

2. lH  97.7H  .14 


.05311  31.72 


25 .4a 


.020l3 

(25*0 


^  -■ 
V.r.'Lr^J 


•00221 2 
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2,3  dimethyl- 
naphthalene 


156.2 


^s?< 
>vW 
v>.-:vv 
Vfc.-.V  * 

i  yM 


•  vapor  pressures  r sported  at  20*c 


••  M  calculated  from  average  reported  vapor  pressure  and  solubility  unless 
otherwise  noted. 
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After  equilibration,  samples  for  aqueous  phase  analysis  were 
uncapped,  and  an  aliquot  was  rapidly  transferred  to  a  stoppered  quartz 
cuvette  for  measurement  of  uv  absorbance*  The  compounds  handled  in  this 
manner  all  had  dimensionless  H  values  <_  *04  and  therefore  aqueous 
concentration  changes  caused  by  volatilization  are  likely  to  have  been 
minimal* 

c*  RESULTS  AND  DISCUSSION 

The  Henry's  Law  Constants  determined  in  this  study  are  given  in 

table  2* 

Table  2*  Henry's  Law  Constants  for  TCE  and  JP-4  Fuel  Components 


Measured 
value  •  25 *C 


.397 


Literature 

Value 


•411 


Reference 


8 


Remarks 
reference  value 
calculated  for 
T-25*C  from 
regression 
equation  for  H 
vs*  temperature 


UjJ 


reference  value 
calculated  from 
reported  values 
for  vapor 
pressure1 1  and 
solubility14 
of  1 ,3,5 

tri  methyl benzene 


*  the  experimental  compound  used  was  technical  grade  (90% 
purity)  and  therefore  the  measured  value  for  H  is  suspect. 


2- 


The  measured  H  value  for  TCE,  is  in  good  agreement  with  the  value 
previously  determined  using  the  EPICS  technique.  H  values  measured  for 
toluene  and  napthalene  also  agree  closely  with  reported  literature 
values.  Neither  water  solubility  and  vapor  pressure  data  from  which  H 
could  be  calculated  nor  measured  H  values  for  2,3  dime thylnapt hale ne; 
indan;  or  1,2,3  tri methyl benzene  could  be  located  by  the  authors  for 
comparison  with  the  measured  values. 

A  Henry's  Law  constant  was  also  measured  for  methyl cyclohexane.  The 
measured  value  (H  *  9.81)  was  beyond  the  range  in  which  the  EPICS 
technique  is  sensitive  (ie  H  <_  3)  and  therefore  is  not  considered  to  be 
reliable.  Henry's  Law  constants  calculated  from  reported  values  for 
vapor  pressure  and  solubility  for  hexane,  cyclohexane,  heptane  and  octane 
are  all  greater  than  6.0  (see  table  1).  It  is  therefore  lilcely  that 
Henry's  Law  Constants  for  these  components  of  JP-4  Fuels  can  not  be 
accurately  determined  using  the  EPICS  procedure. 

Activity  coefficients  obtained  for  TCE  and  toluene  at  four  ionic 
strengths  are  given  in  table  3. 


Table  3  -  Activity  Coefficients  for  TCE  and  Toluene* 


compound 

1 

1 

i 

|  X  -  .1 

_ 1 _ 

I  -  .3 

I  -  .6 

X  -  1.0 

TCE 

mm 

1 .16 

1.32 

1.58 

tol  uene 

|  1.054 

1 

1.14 

1.31 

1 .62 

*  values  obtained  in  NaCl  electrolyte  at  25*C 


* 


m 
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Based  on  these  data,  the  calculated  salting  coefficients  (  k)  for  TCE 
and  toluene  are  *197  and  .207  respectively.  Considering  the  precision  of 
replicate  GC  analyses  ( -  2%)  the  difference  in  these  values  is  not 

considered  to  be  statistically  significant.  Gossett1 5  has  previously 
reported  a  salting  coefficient  of  .207  for  TCE  from  KC1  electrolyte  which 
agrees  closely  with  the  measured  value. 

The  activity  of  toluene  in  solution  was  measured  over  a  threefold 
range  in  solution  concentration  and  was  unaffected  over  the  toluene 
concentration  range  of  0.5  to  1.5  mg/1. 

The  activity  of  toluene  in  solution  was  also  measured  in  the 
presence  of  other  nonpolar  (cyclohexane)  and  polar  (acetone)  solutes  and 
was  unaffected  by  the  presence  of  these  compounds. 

Finally  the  influence  of  electrolyte  composition  on  toluene  activity 
was  evaluated  by  measuring  activity  coefficients  in  CaCl2  and  AICI3 
electrolytes  with  ionic  strengths  of  .1  and  .3;  results  are  shown  in 
table  4. 


Table  4.  Effect  of  Electrolyte  Composition  on  Toluene  Activity 

1 

Ionic  Strength  I  Toluene  Activity  Coefficient 


v 


D.  SUMMARY 

The  EPICS  technique  has  been  demonstrated  to  be  a  reliable 
method  for  measurement  of  Henry's  Law  Constants  and  activity  coefficients 
for  many  constituents  of  JP-4  Fuels.  The  procedure  loses  sensitivity  for 
compounds  with  dimensionless  H  values  _>  3  and  is  therefore  not  applicable 
to  compounds  such  as  hexanes,  heptanes  and  octanes.  For  unsaturated 
compounds  of  low  volatility  UV  analysis  of  the  equilibrated  aqueous 
solution  is  seen  to  be  a  viable  analytical  procedure.  Gas  exchange 
equilibria  of  volatile  compounds  is  a  function  of  their  activity  in  the 
aqueous  phase  (see  equation  1)  and  solution  activity  has  been  shown  to  be 
influenced  by  both  electrolyte  composition  and  concentration.  Activity 
coefficients  determined  for  TCE  and  toluene  suggest  that  corrections  for 
nonideality  are  likely  to  be  negligible  in  most  fresh  water  aquifers. 

IV.  SORPTION  EQUILIBRIA 

A.  INTRODUCTION 

At  equilibrium,  the  gas  concentration  of  a  volatile  compound  in 
a  closed  bottle  serves  as  a  direct  measure  of  the  aqueous  solution 
concentration  providing  the  compound's  Henry's  Law  Oonstant  and  activity 
coefficient  are  known  (see  equations  1  and  2).  It  is  therefore 
reasonable  to  extend  the  EPICS  technique  to  the  study  of  sorption 
equilibria  of  volatile  compounds  such  as  toluene  and  TCE.  A  major 
advantage  of  this  procedure  is  that  separation  of  the  solid  from  solution 
is  no  longer  required  in  order  to  measure  the  equilibrium  concentration 
ir.  solution. 

For  compounds  of  low  volatility,  such  as  naphthalene,  direct 
analysis  of  the  solution  is  required,  necessitating  separation  of  solid 
from  the  aqueous  phase. 

B.  MATERIALS  AND  METHODS 

Sorption  equilibria  for  toluene,  naphthalene  and  TCE  were 
determined  on  an  artificial  soil  created  by  coating  humic  acids  onto  a 
hydrous  aluminum  oxide  (AI2O3).  Sorption  equilibria  were  also  measured 
for  these  compounds  onto  humic  acids  in  the  absence  of  AI2O3.  Finally 
naphthalene  and  TCE  sorption  equilibria  were  evaluated  using  naturally 
occurring  Air  Borce  Base  soils. 


Wiftr? 
<  *  •„"* 


/.'.V 

-S-S:-' 


r  *  - 


62-16 


H  10.  AI2O3  was  added  (approximately  450gm)  and  the  pH  lowered  to 
approximately  4.0*  After  equilibration,  excess  humic  acid3  and  water  were 
decanted.  Solids  were  rinsed  once  with  1  liter  distilled  water  acidified 
to  pH  *  4  and  dried  overnight  at  105°C. 

Air  Force  Base  soil  samples  were  obtained  from  cores,  and  shipped  to 
the  Bnvironics  Laboratory  at  Tyndall  AFB  wrapped  in  foil  sealed  in 
paraffin.  Moisture  contents  for  the  soils  were  measured  by  weight  loss 
after  drying  108  hours  at  105*0.  The  dried  soils  were  ground  and  material 
passing  through  an  850u  sieve  was  used  in  the  sorption  experiments. 

The  organic  content  of  all  adsorbents  was  characterized  by 
dichromate  oxidation  using  the  Walkley-Black  method  for  analysis  of  soil 
organic  carbon16.  Samples  were  analyzed  in  triplicate  and  the  mean 
result  is  shown  in  table  5. 


Table  5.  Adsorbent 

Characteristics 

depth 

%  organic 

density 

moisture 

of 

Solid  Phase 

A1203  (Fisher 

Scientific  Oo. 

adsorption  alumina; 

80-200  mesh) 

carbon 

varied  from 

0  to  0.54% 

(g/cm3) 

2.49  +  .055 

(n  -  5) 

content 

core 

Whiteman  AFB  soil 

Knobnoater,  MO 

0.40% 

2.27  ♦  0.148 

(n  -  6) 

21.4% 

3' -4. 7* 

Lowry  AFB  soil 

Denver,  OO 

0.11% 

2.28  ♦  .049 

(n  -  3) 

15.3% 

5.3*-6. 

Offutt  AFB  soil 

Omaha,  m 

0.23% 

2.50  ♦  .041 

(n  -  3) 

22.2% 

1 1  •  3* 

Minot  AFB  soil 

Minot,  HD 

0.12% 

2.36  ♦  .078 

(n  •  3) 

14.5% 

10* -1 2* 

Table  5.  Adsorbent  Characteristics  (Continued) 


%  organic 


Solid  Phase 


carbon 


density 
( g/cm3 ) 


moisture 


content 


depth 


Humic  Acid, 


33.46% 


ICN  Pharmaceuticals 


Humic  Acid, 


32.05% 


Aldrich  Chemical  Co. 


Since  sorption  equilibria  were  conducted  in  sealed  bottles  with  a  gas 
headspace  (see  discussion  below)  knowledge  of  adsorbent  densities  was 
required  to  determine  the  volume  displaced  by  the  solid.  Solid  densities 
were  determined  by  measuring  the  water  volume  displaced  by  a  weighed 
amount  of  soil  in  a  10  ml  graduated  cylinder  and  are  summarized  in  table 


The  protocol  used  for  sorption  experiments  was  as  follows; 

1 •  The  calculation  of  compound  mass  remaining  at  equilibrium 
necessitated  precise  knowledge  of  the  headspace  in  each  bottle.  The 
individual  bottle  volumes  were  determined  by  weighing  when  full  with 
water.  Results  for  the  gas  and/or  liquid  concentrations  in  individual 
bottle  were  normalized  to  a  uniform  standard  bottle  size  using  the 
following  relationships: 


^8  (normalized)  ^(observed .  K — ac  t ua  1 


(normal lied)  C* (observed 1 ual 
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2.  A  stock  solution  of  the  compound  of  interest  was  prepared.  For 
toluene  this  was  accomplished  by  delivering  500ml  of  toluene  with  an 
Kppendorf  pipette  to  a  2  liter  volume  of  water.  The  mass  delivered  was 
determined  by  weight  to  be  .422  _+  .001  gm  (n  -  4)  giving  a  stock  solution 
concentration  of  211  mg/1.  The  toluene  concentration  in  the  stock  solution 
was  verified  by  micro-extraction  as  follows: 

a)  1ml  methylene  chloride  and  8.5  ml  distilled  water  were 

delivered  to  a  10  ml  g:  ass  bottle  and  sealed  with  a  teflon  disc. 

b)  250/41  of  the  toluene  stock  solution  was  delivered  through  the  disk 
using  a  syringe  while  venting  the  bottle  headspace  gas  through  a 
second  syringe  needle. 

c)  The  remaining  bottle  headspace  was  displaced  by  injecting  distilled 
water  into  the  bottle  and  venting  the  headspace  gas  as  in  (b). 

d)  bottle  contents  were  shaken  to  extract  voluene  into  MeCl  and  the 
Med  phase  analysed  for  toluene  by  gas  chromatography. 

e)  G.C.  peak  areas  were  calibrated  against  standard  toluene  solutions 
in  Med  prepared  by  delivering  a  weighed  amount  of  toluene  into 
Med  and  serial  dilution. 

The  toluene  concentration  in  the  stock  solution  determined  by 
micro-extraction  ms  214.1  mg/1  ±  12.4  mg/1  (n  *  4).  Based  on  this  data 
it  was  assumed  that  toluene  loss  in  preparation  of  the  stock  solution  was 
negligible  and  a  stock  concentration  of  211  mg/1  was  assumed.  Aliquots 
of  the  stock  solution  were  added  to  bottles  containing  solids  for  sorption 
experiments. 

For  naphthalene,  a  saturated  aqueous  stock  solution  was  prepared  by 
equilibrating  an  excess  of  naphthalene  with  water.  Prior  to  each 
experiment  an  aliquot  of  stock  solution  was  filtered  through  No.  5  Whatman 
filter  paper  and  additions  were  made  to  experimental  bottles  containing 
solids.  Identical  additions  were  made  to  bottles  without  solids  and  used 
to  establish  the  stock  solution  concentration.  This  aqueous  solution  was 
analysed  for  naphthalene  concentration  by  UV  at  >  »  219.2  nm*  UV 
absorbance  was  calibrated  against  decane  solutions  of  known  naphthalene 
concentration  made  by  dilution  of  a  stock  solution  consisting  of  a  weighed 
amount  of  naphthalene  in  decane. 
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For  TCE,  aliquots  of  a  saturated  aqueous  stock  solution  were  delivered 
to  experimental  bottles  containing  solids  for  equilibration.  Aliquots 
delivered  to  bottles  without  solids  were  used  to  determine  TCE 
concentration.  Solution  concentration  was  measured  by  rapidly 
transferring  a  portion  of  the  aqueous  phase  to  a  stoppered  cuvette  and 
measuring  its  UV  absorbance  at  198nm.  UV  absorbance  was  calibrated 
against  decane  solutions  of  known  TCE  concentration  made  by  dilution  of  a 
stock  solution  prepared  by  adding  500  ul  of  TCE  (.693  _+  .013  gm  (n  -  10)) 
to  250  ml  decane. 

3.  Sorption  equilibria  were  measured  by  adding  aliquots  of  toluene, 
naphthalene  or  TCE  stock  solutions  to  glass  bottles  containing 
variable  amounts  of  adsorbent  and  distilled  water  or  0.1m  NaCl 
electrolyte.  Bottles  were  rapidly  capped  with  teflon  laminated  discs  and 
continously  rotated  at  room  temperature  for  at  least  12  hours.  The 
bottles  were  then  placed  in  a  25*C  water  bath  overnight  prior  to  analysis 
of  the  liquid  or  gas  phases. 

4.  After  equilibration  vapor  phase  concentrations  of  TCE  and  toluene  were 
determined  by  ~im  chromatography  using  the  methods  described  in  section 
III.  B. 

The  liquid  phase  from  bottles  containing  naphthalene  was  analysed  by 
high  performance  liquid  chromatography  ( HFLC) •  Sample  volumes  of  2 Sul 
were  removed  through  the  bottle  disc  by  syringe  and  injected  into  a  Waters 
liquid  chromatograph  fitted  with  a  Bond pack  C-18  column  (Waters,  Inc.).  An 
in-line  pre filter  was  used  to  remove  any  colloidal  solids  sampled  by  the 
syringe.  A  mobile  phase  of  75/25  acetonitrile  -  H20  was  employed  at  a 
flow  rate  of  2.0  ml/min.  Teak  detection  was  by  UV  at  X  -  254nm. 
Concentrations  were  quantified  by  comparison  of  sample  peak  heights 
to  those  of  naphthalene  standards  in  decane. 

5.  The  sorption  of  solute  in  each  experiment  was  calculated  as  follows t 
a)  Measured  bottle  concentrations  were  normalised  to  those  in  a 

standard  bottle  of  uniform  sise  using  equation  15  or  16  and 
replicate  sample  results  were  averaged.  In  bottles  containing 
solids,  gas  volumes  were  corrected  for  the  volume  displaced  by  the 
adsorbent. 
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b)  The  fraction  of  solute  remaining  (f)  was  calculated  as  the  ratio  of 
normalized  concentration  in  bottles  with  adsorbent  to  those  in 
bottles  containing  the  same  addition  of  solute  but  with  no  solid, 
the  percent  solute  sorbed  is  therefore: 

%  Sorbed  »  (l-f)IOO  (17) 

It  should  be  noted  that  the  percent  solute  sorbed  (a  ratio)  may 
be  accurately  determined  without  knowing  the  precise  mass  of  solute 
added  in  the  experiment. 

c)  The  mass  sorbed  was  calculated  as  the  product  of  the  total  mass 
added  to  the  experimental  bottles  and  the  calculated  percent 
sorbed  (see  (b)  above).  Total  solute  mass  added  was  computed 
from  the  product  of  the  solute  stock  solution  concentration 
(measured  as  described  in  (2)  above)  and  the  volume  of  stock 
solution  added  to  the  experimental  bottles. 

C.  RESULTS  AND  DISCUSSION 

Several  experiments  were  performed  in  which  toluene  sorption  by  Al203 
was  evaluated.  In  the  absence  of  humic  acid  coatings,  toluene 
concentration  in  the  bottle  headspace  indicated  that  it  was  consistently 
excluded  from  solution  by  the  oxide  adsorbent.  Exclusion  was  observed  at 
adsorbent  additions  ranging  from  5  to  60gm  to  a  50ml  volume  of  distilled 
water.  The  specific  conductance  of  the  equilibrated  solution  was 
measured  and  results  are  shown  in  figure  4.  The  conductance  in  the 
equilibrated  solution  containing  humic  coated  AI2O3  was  -substantially 
lower  than  that  in  solution  equilibrated  with  the  pure  oxide. 

Approximate  ionic  strengths  may  be  computed  from  specific  conductance 
using  the  relationship  developed  by  Langlier17* 

I  «  1.6  x  10“*  x  specific  conductance  (umho/cm)  (18) 

Calculated  ionic  strengths  and  corresponding  toluene  activity  coefficients 
are  shown  in  figure  4.  The  calculated  values  are  Insufficient  to  explain 
the  observed  toluene  exclusion  from  solution.  As  an  example,  the  I5gm 
addition  of  Al203  produced  a  head  space  concentration  of  toluene  which 
would  require  a  toluene  activity  coefficient  in  solution  of  1.05 
(conservatively  estimated  assuming  no  toluene  was  sorbed)  while  the 
calculated  toluene  activity  coefficient  based  on  measured  specific 
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conductivity  was  1.006.  Although  no  explanation  for  these  results  has 
been  established,  we  speculate  that  colloidal  AI2O3  carrying  a  surface 
charge  »ay  be  affecting  toluene  activity.  Such  charged  colloids  are 
unlikely  to  be  sufficiently  mobile  to  influence  the  measured  solution 
conductance  which  would  explain  the  disparity  between  the  calculated 
toluene  activity  coefficients  and  those  which  were  observed. 

Toluene  was  found  to  be  consistently  sorbed  from  aqeuous  solution  by 
AI2O3  coated  with  humic  acids.  The  control  -ption  by  humic  acids  was 

tested  by  performing  parallel  experiments  in  w.iich  one  set  of  bottles 
contained  variable  amounts  of  AI2O3  coated  with  humic  acids  and  a  second 
set  contained  the  same  mass  of  humic  acids  without  AI2O3.  A  swamping  NaCl 
electrolyte  (0.1M)  was  used  in  all  bottles  to  prevent  toluene  activity 
changes  from  influencing  the  results.  Four  or  more  replicate  bottles  of 
each  solid  addition  were  analyzed;  mean  results  are  shown  in  figure  5. 

Sorption  of  toluene  was  observed  to  be  greater  by  humic  acids  in  the 
absence  of  A1203*  This  difference  suggests  that  the  form  of  the  humic 
acid  in  solution  (eg  as  a  coating  material  vs.  free  humic  acid), 
influences  its  sorptive  properties. 

It  is  noteworthy  that  the  toluene  sorption  isotherm  on  humic  acids 
without  M2O3  is  a  plateau  (ie  mg  of  toluene  sorbed/g  humic  acid  is 
independent  of  the  equilibrium  toluene  concentration).  This  suggests  that 
toluene  sorption  on  the  humics  obeys  a  Langmuir  isotherm  and  that  full 
sorption  site  occupancy  has  occurred. 

Sorption  kinetics  for  naphthalene  on  humic  coated  AI2O3  were  studied 
over  a  72  hour  time  period.  Results  show  that  equilibrium  conditions  were 
obtained  within  the  18  minutes  which  elapsed  prior  to  analysis  of  the 
first  sample. 

Naphthalene  sorption  on  humic  coated  AI2O3  and  naturally  occurring 
Air  Force  Base  soils  was  evaluated  under  conditions  in  which  each 
experimental  bottle  contained  the  sane  mass  of  organic  carbon.  Triplicate 
bottles  of  each  solid  were  analyzed,  mean  results  are  shown  in  table  6. 


Table  6.  Naphthalene  Sorption  Natural  and  Artificial  Soils* 


Soil 

solid 

mass(g) 

mass  of 

organic  carbon 

(mg) 

%  naphthalene 

sorbed 

AI2O3  with  humic  acid 

13.9 

75 

48.0% 

Offutt  AFB  soil 

32.8 

75 

100% 

Whiteman  AFB  soil 

18.3 

75 

39.8% 

Lowry  AFB  soil 

68.2 

75 

32.9% 

Minot  AFB  soil 

62.0 

75 

100% 

*  bottle  volumes  were 

121  ml, 

containing  soil, 

50  ml 

0.1M  NaCl  and  5ml 

of  naphthalene  stock  solution. 

These  results  clearly  show  that,  at  the  soil  carbon  concentrations 
employed  (.11  to  .54%),  soil  sorption  capacity  is  not  controlled  solely 
by  the  mass  of  organic  carbon  present.  In  addition,  sorption  did  not 
covary  with  the  total  aass  of  solid  added,  suggesting  that  the  specific 
nature  of  the  adsorbent  and/or  organic  Matter  on  the  adsorbent  Must 
influence  sorption  equilibria. 

The  sorption  of  TOE  onto  AI2O3  coated  with  humic  acids  and  onto  humic 
acids  was  in  the  absence  of  AI2O3  was  evaluated  in  an  experiment 
comparable  to  that  previously  described  for  toluene.  Results  are  shown  in 
Figure  6.  As  was  the  case  with  toluene,  the  sorption  of  TCE  was  enhanced 
in  the  absence  of  AI2O3.  The  observed  sorption  density  of  TCE 
(mg  sorbed/g  sorbent)  onto  the  humic  Material  was  independent  of  the 
equilbrium  concentration  of  TCE  in  solution  suggesting  that  the  humic 
materials  have  finite  binding  capacity  of  approximately  7x1 0“7  moles 
TCE/gm  (vs  3x10“ 7  moles  toluene/gm)  and  that  humic  binding  sites  were 

saturated  in  the  experiment  performed. 

0.  Summary 

The  headspace  technique  has  been  demonstrated  to  be  a  reliable  method 
for  measuring  the  sorption  of  volatile  components  of  JF-4  fuels  and 
degreaeers.  Nigh  performance  liquid  chromatography  permits  separation  and 
analysis  of  compunda  of  low  volatility  which  absorb  in  the  UV  region. 
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Sorption  of  toluene  and  TCE  has  bean  shown  to  be  suppressed  by  the 
presence  of  a  hydrous  AI2O3  oxide.  Sorption  of  these  compounds  by  humic 
acids  was  ennanced  when  this  sorbent  was  not  present  as  a  coating  material 
on  AI2O3.  This  data  suggests  that  the  physical  state  of  the  organic 
sorbent  may  influence  the  binding  of  nonionic  solutes,  The  sorption 
density  (mg  sorbed/g  sorbent)  of  toluene  and  TCE  on  humic  acid  was 
observed  to  be  independent  of  the  equilibrium  concentration  in  solution 
indicating  that  the  humic  acid  sorbent  had  a  limited  number  of  binding 
sites  and  that  full  site  occupancy  was  achieved. 

Sorption  of  naphthalene  by  AI2O3  coated  with  humic  adids  and 
naturally  occurring  Air  Force  base  soils  was  not  controlled  solely  by  the 
organic  content  of  these  sorbents  or  by  the  mass  of  sorbent  present. 

These  data  establish  that  the  sorption  behavior  of  nonionic  soluter  on 
some  naturally  occurring  aquifer  materials  is  likely  to  be  a  complex 
phenosttna  in  which  the  nature  of  both  the  inorganic  soil  matrix  and  the 
soil  organic  matter  may  play  a  role.  Additional  research  is  required  to 
establish  the  interdependency  between  sorption  of  nonionic  solutes  and  the 
detailed  physical  and  chemical  characteristics  of  the  adsorbent. 

V.  Xmcommendatlons 

The  research  performed  was  designed  to  evaluate  the  equilibria  for 
pertinent  reactions  of  volatile  nonionic  organic  compounds  in  unsaturated 
groundwater  systems. 

Gas  exchange  equilibria  may  be  t  valuta  ted  through  knowledge  of  a 
compound's  Henry's  Law  constant  and  it's  activity  coefficient  in  solution. 
An  equilibrium  head  space  technique  has  been  demonstrated  to  be  applicable 
to  the  determination  of  these  parameters  for  many  of  the  componets  of 
distillate  fuels  and  degreasers. 

Sorption  equilibria  may  also  be  evaluated  using  head  space 
measurements  for  volatile  compounds  for  which  Henry's  Law  constants  and 
solution  activity  coefficients  are  known.  The  observed  sorption  oi 
organic  solutes  typical  of  degreasers  (TCE)  and  distillate  fuels  (toulene 
and  naphthalene) was  seen  to  be  a  complex  phenomena.  Although  our  results 


confirm  the  importance  of  organic  materials  in  the  binding  of  nonionic 
solutes,  the  data  indicate  that  the  physical  and  perhaps  chemical  nature 
of  the  soil  organics  are  likely  to  influence  results.  Additional 
investigation  is  required  to  explore  these  interdependencies. 

Specific  recommendations  for  further  research  are  as  follows: 

1 .  Experiments  should  be  conducted  to  determine  those 
characteristics  of  soil  organics  which  influence  their  binding  with 
nonionic  organic  solutes.  Pertinent  variables  include  but  are  not  limited 
to  (a)  elemental  composition  (percent  carbon,  nitrogen,  etc.)  (b) 
molecular  size  (c)  physical  state,  e.g.,  particulate  vs,  dissolved  vs. 
coating  materials  and  (d)  exchangeable  acidity. 

2.  Experiments  are  needed  to  evaluate  the  sorption  of  volatile 
compounds  from  the  vapor  phase  onto  soils.  The  importance  of  soil  organic 
carbon  n  these  sorption  reactions  requires  evaluation. 

3.  The  equilibria  of  mixed  solutes  with  soil  organic  materials 
should  be  evaluated.  Our  data  suggest  humic  acids  have  a  finite  binding 
capacity  and  compound  competition  for  binding  sites  may  therefore  occur. 

4.  Henry's  Law  constants  and  activity  coefficients  for  all  of  the 
identified  components  of  distillate  fuels  should  be  evaluated  as  a 
prerequisite  for  the  prediction  of  their  gas  exchange  and  sorption 
equilibra. 
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Daryl  L.  Logan 
ABSTRACT 

The  capability  of  earth  covered  reinforced  concrete  structures  to 
withstand  the  local  response  of  Impacting  projectiles  Is  Investigated  • 
Soli  and  concrete  penetration,  as  well  as  thickness  of  structure  concrete 
wall  necessary  to  prevent  perforation  and  scabbing,  are  predicted.  The 
influence  of  parameters  soil  penetrabllty  index,  soil  cover  thickness, 
concrete  compressive  strength,  concrete  thickness  and  impact  velocity  on 
the  local  response  are  examined.  It  Is  shown  that  for  ranges  of  parameter 
values  of  Interest  soil  penetrability  index  and  soil  cover  thickness  have 
the  greatest  influence  on  allowable  mlssle  weight  (frontal  pressure)  at 
which  Incipient  backface  scabbing  of  the  concrete  wall  occurs.  The 
Implementation  of  the  results  Is  demonstrated  for  data  recorded  from 
mlssle  debris  resulting  from  an  actual  aircraft  shelter  explosion 
experiment.  The  results  Indicate  that  nearly  all  data  falls  within  safe 
limits  of  realisable  parameter  values.  Implications  for  siting  earth 
covered  structures  with  respect  to  aircraft  structures  are  evident. 
Suggestions  for  further  research  are  indicated. 
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I.  INTRODUCTION: 


A  primary  concern  of  the  Air  Force  Is  the  present  siting  restriction 
placed  on  all  Inhabited  buildings,  Including  seml-hardened  facilities  and 
earth  covered  structures  (1),  Recent  studies  of  the  aftermath  of  aircraft 
shelter  debris  from  bomb  detonations  within  the  aircraft  shelter  (2)  have 
resulted  presently  In  a  300  feet  minimum  spacing  requirement  between 
semlhardened  aircraft  shelters  and  Inhabited  buildings  regardless  of  the 
protective  capabilities  of  these  Inhabited  buildings.  This  300  feet 
siting  requirement  could  be  relaxed  If  tests  or  analysis  were  available  to 
demonstrate  the  added  protection  from  shelter  debris  provided  by  these 
protective  structures. 

This  paper  Is  the  result  of  a  study  undertaken  to  determine  the 
capability  of  earth  covered  structures  to  withstand  the  debris  threat  from 
a  most  probable  detonation  within  a  nearby  aircraft  shelter.  The  study 
concerned  Itself  with  the  local  response  due  to  projectiles  (missies) 
Impacting  earth  covered  structures. 

II.  OBJECTIVE: 

The  primary  objective  of  this  research  effort  was  to  examine 
survivability  capabilities  of  earth  covered  structures  when  such 
structures  are  subjected  to  debris  missies  resulting  from  a  most  probable 
sized  bomb  explosion  within  a  nearby  aircraft  shelter. 

Specific  goals  of  the  research  were: 

(1)  To  determine  appropriate  procedures  to  adequately  predict  the  local 
response  of  an  earth  covered  structure  to  missle  Impact. 

(2)  To  illustrate  use  of  this  procedure  for  an  Air  Force  structure  of 
interest  subjected  to  missle  debris  of  interest  (2). 

(3)  To  recommend  ways  of  increasing  the  survivability  capabilities  of  the 
structure  of  interest. 

III.  METHOO  OP  ANALYSIS  AND  EQUATIONS  USED: 

Herein  we  will  analyze  the  local  response  (as  opposed  to  overall 
structural  response)  of  an  earth  covered  structure  due  to  impact  resulting 
from  aircraft  shelter  debris  (missies).  The  missies  considered  are  those 
created  during  an  explosion  occurring  within  an  aircraft  shelter  as 


recorded  in  (2),  The  local  response  refers  to  analysis  of  the  earth 
covered  structure  in  the  vicinity  of  the  impact.  The  phenomena  to  be 
analyzed  are  penetration  depth  of  a  missle  into  the  structure  wall, 
perforation  (  a  missle  passing  entirely  through  the  wall  thickness),  and 
backface  scabbing  (scabbing  of  concrete  off  the  inside  face  of  the  wall). 
The  structures  are  assumed  to  be  of  reinforced  concrete  and  to  have  an 
earth  material  overlying  them. 

Although  analytical  attempts  have  been  under  study  (3)  to  predict  local 
Impact  phenomena,  these  methods  have  not  been  fully  developed.  Therefore 
the  analysis  in  this  paper  is  based  upon  a  series  of  recently  assessed 
empirical  equations  (4-8)  which  are  used  to  predict  penetration, 
perforation  and  backface  scabbing  as  a  missle  impacts  the  soil  cover 
associated  with  the  structure. 

The  analysis  procedure  is  at  follows: 

(1)  Calculate  the  depth  of  penetration,  X8,  (in  feet)  of  the  tip  of  the 
missle  Into  the  earth  overburden  by 


X,  -  0.53Sl|“|1/2 


ln(l  +  2V2l<r5) 


(1) 


where  S  -  Soil  penetrability  index  (soil  constant) 

N  *  missle  nose  shape  performance  coefficient 
U  -  missle  weight,  in  lb 

A  -  missle  Impact  cross-sectional  are*  in  sq.  in.  and 
V  -  missle  impact  velocity,  in  ft /sec 

(2)  Calculate  the  residual  velocity,  Vc,  (in  ft/sec)  by 


Vc  -  V(1  -  t*)1/2 

*. 


(2) 


where  complete  penetration  of  the  overburden  by  the  missle  Is  assumed 
and  t8  •  the  soil  overburden  thickness,  in  units  of  feet. 

(3)  Calculate  the  depth  of  penetration,  x,  (In  Inches)  of  the  tip  of  the 
missle  Into  the  concrete  wall  as 


x  -  2djF  ;  for  *  <  2.0 
d 


(3) 
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or 


x  -  d(F  +  i) 


for  ^  >  2.0 
d 

where  F  -  180  N2  M  1 .25  /^t  j  .80 

y^c  (d2.80)  (1000/ 


(3) 

(4) 


and 


(4) 


or 


f'c  -  concrete  compressive  strength,  In  pel 

n2  *  nlesle  nose  shape  coefficient 

E  -  -odulus  of  elasticity  of  mle.le  material,  m  p* 

B,  -  modulus  of  elasticity  of  olid  steel,  i»  p,i  md 
4  -  effective  diameter  of  .  rnla.i.,  which  h,,  Mme  conCac 
srea  as  that  of  actual  contact  area,  In  Inches 
Determine  thickness,  p,  (m  Inches)  of  concrete  wall  t0  prevent 
perforation  by 

Z-  1.32  +  1.24  *  j  for  1.35  <  a  <  13>5 
*  * 


Pm .  ht.4  .i. 


(5)  Determine  thickne..,  a,  (l„  Inches)  of  concrete  wall  to  prevent 
backface  scabbing  by 

•  -2.12+  1.36  *  ;  for  0.65  <  U.75 

4  ‘  " 


or 


'  -  7.91  x  .  5.06/x12  .  for  x  <  O.o5 

T  d  d  |d /  d 

,  Eqe.  (1)  through  (6)f  tht  ^.et  u  mM  to  t#  the 

surface.  It  can  be  obeorv.d  that  local  Impact  i.  .  function  o(  Mny 
parser.  Including  soli  cover  thickne..,  .oil  penetrability  Index 

!§  "r  velocity, 

V  *“d  COner,M  C0-Pr“‘1V-  -  structure. 

for  TV‘ar  th*  I0‘1'  erttlMl  'r0nt*1  pr— ures.  W/A,  mere  deter*, 

,r°"  **«aft  shelter  for  parameter, 
•oil  penetrability  Index,  soil  covmr  pt.«.k 

and  c«r—  thickness,  structure  mail  thickne., 

and  compressive  etr.ngth,  and  mlssl.  lmp.ct  velocity. 


The  solution  procedure  used  was  as  follows.  First,  the  initial 
velocity  of  a  typical  mlssle  was  calculated  using  particle  projectile 
motion  equations  (where  the  range  of  interest  and  an  assumed  launch  angle 
were  substituted  into  the  equations).  Here  range  is  defined  to  be  the 
horizontal  distance  between  where  the  mlssle  is  launched  and  where  it 
lands.  A  representative  mlssle  contact  area  and  nose  shape  coefficients 
(N  ■  0.56  and  N2  ■  0.72)  for  blunt  ended  missies  were  assumed.  Then  the 
parametric  study  was  undertaken  using  variations  in  soil  penetrability 
indices,  soil  cover,  and  concrete  wall  thickness  and  compressive  strength. 
A  trial- and-error  process  of  selecting  a  mlssle  weight  and  subsequent 
solution  of  Eqs.  (1-6)  was  used.  The  process  was  stopped  when  a  mlssle 
weight  determined  by  the  minimum  concrete  thickness  to  prevent  scabbing, 
from  Kq.(6),  was  obtained.  That  is,  a  weight  resulting  in  an  s,  from  Eq. 
(6),  equal  to  the  concrete  wall  thickness  was  obtained.  This  weight  is 
defined  to  be  the  critical  weight  resulting  in  incipient  backface 
scabbing.  To  facilitate  the  parametric  study,  a  FORTRAN  computer  program, 
based  upon  Eqs.  (1-6),  was  written  to  determine  the  critical  mlssle  weight 
as  well  as  mlssle  penetration  depth  into  the  wall  and  minimum  concrete 
thickness  to  prevent  mlssle  perforation. 

V.  NUMERICAL  RESULTS : 

Numerical  results  are  now  presented  for  typical  parameters  of  interest 
to  tbs  Air  Force.  Some  of  the  values  of  parameters  used  include, 

1)  Soil  penetrability  indices  (constants)  given  by 


Soil  Constant 

Typical  Soil  Description 

5.2 

|  Clayey  silt,  silty  clay,  dense, 

|  hard,  dry 

7.0 

|  Sand,  loose  to  medium,  moist 

10.5 

|  Clay,  moist,  stiff 

30.0 

|  Loose,  moist  topsoil  with  humus 

material,  mostly  sand  and  silt. 

|  Hoist  to  wet  clay,  soft,  low 

|  shear  strength. 

40.0 

Clay,  silty,  wet 

2)  Soil  cover  thicknesses  of  3,  4  end  5  feet. 

3)  Concrete  wall  thicknesses  of  9  and  12  inches 

4)  Concrete  compressive  strengths  of  4000  and  5500  pounds  per 
square  inch. 

It  can  be  observed  from  Eqs.  (1)  and  (4)  that  more  meaningful 
results  are  obtained  by  expressing  W  and  A  as  a  single  parameter.  This 
possibility  was  verified  as  shown  by  Table  1  where  W/A  at  Incipient 
scabbing  for  different  cross  sectional  areas  at  different  ranges  are  given 
for  values  of  S  -  10.5,  tg  -  3  ft,  fc'  •  5500  psi  and  concrete 
thickness  *  9  in. 

Table  1. _ W/A  at  Incipient  Scabbing  for  Different  A's 

I _  W/A 


Range,  R,  FT. 

|  A  -  1963  IN2 

A  -  78.54  IN2 

50 

|  687.5 

700.1 

100 

|  178.2 

184.4 

150 

|  86.7 

85.9 

200 

|  48.4 

49.0 

250 

|  32.1 

33.1 

300 

|  23.1 

23.5 

The  ratio  V/A  is  called  frontal  pressure.  In  this  paper  critical  frontal 
presaire  is  defined  to  be  that  frontal  pressure  causing  incipient 
scabbing.  •  • 

Figures  1  through  5  illustrate  the  influence  of  various  parameters  on 
critical  frontal  pressure.  Throughout,  the  missis  Is  taken  to  be  of 
steel.  Figure  1  shows  critical  frontal  pressure,  W/A,  for  various  ranges, 
t,  for  different  soil  penetrability  Indices.  (Actually  (W/A)1/2  is  used 
in  order  to  present  the  data  in  a  more  meaningful  graphical  form).  The 
launch  angle  of  the  missis  is  30  degrees  from  the  horlsontal,  soil  cover 
thickness  la  3  feet  and  concrete  wall  thickness  tc  is  9  inches.  It  can  be 
observed  from  Figure  1  that  as  soil  penetrability  index  decreases  the 
critical  frontal  pressure  Increases.  That  is  i>r  a  dense,  hard,  dry  silty 
clay  (S  •  5.2),  critical  W/A  is  larger  then  ior  a  loose  to  medium  moist 
sand  (S  ■  7.0).  Comparisons  of  results  for  the  soil  descriptions 


corresponding  to  each  S  Indicate  that  in  general  dense,  hard,  dry  soils 
resist  penetration  noticeably  better  than  loose,  soft,  wet  soils.  Further 
it  can  be  observed  that  as  the  range  Increases  the  critical  W/A  decreases. 
This  is  reasonable,  based  on  the  fact  that  it  takes  a  larger  initial 
velocity  to  project  a  missle  a  longer  range.  The  resulting  Impact 
velocity  is  equal  to  the  initial  velocity  based  on  projectile  motion 
equations. 

Figure  2  shows  the  results  of  W/A  for  various  R  for  different  soil 
cover  thicknesses  tt  for  a  given  S  and  tc.  Here  the  greater  t8,  the 
greater  critical  W/A.  For  S  ■  10.5,  4  :  >«t  of  soil  cover  may  Increase  the 
critical  W/A  by  as  much  as  1.75  times  compared  to  3  feet  of  cover.  Again 
W/A  decreases  with  increasing  R  for  reasons  explained  in  the  previous 
paragraph. 

Figures  3  and  4  demonstrate  critical  W/A  for  various  R  for  different 
concrete  compressive  strengths  and  concrete  wall  thickness,  respectively. 
It  can  be  observed  that  critical  W/A  are  negligibly  Influenced  by  concrete 
compressive  strength  and  vail  thicknesses  of  usual  Interest. 

Finally  Figure  5  shows  the  influence  of  missle  initial  velocity  of 
Impact  on  the  critical  W/A  at  a  range  of  100  feet.  As  the  initial 
velocity  of  impact  Increases  the  critical  W/A  decreases. 

la  summary,  a  parametric  study,  based  on  a  series  of  empirical 
equations  used  to  predict  soil  penetration,  concrete  penetration, 
perforation,  and  scabbing,  was  undertaken  to  determine  the  most  Important 
factors  influencing  local  missle  impact  response  for  a  typical  Air  Force 
earth  covered  structure.  For  ranges  of  parameters  of  interest,  it  was 
determined  that  soil  penetrability  index  and  soil  cover  thickness  have  the 
greatest  influence  on  allowable  frontal  pressures  at  which  incipient 
scabbing  occurs.  Fortunately  these  two  parameters  are  quite  easily 
controlled  and  their  required  val’  as  relatively  economically  achieved. 

VI.  MCOHHPTO4XIOI6; 

a.  Implementation  of  Results 

The  results  of  this  research  have  immediate  application  to  a 
soil-concrete  layered  medium  in  predicting  missle  penetration  into  the 
medium  and  the  associated  concrete  thickness  needed  to  prevent  backface 


/vy 


R,(ft) 


Figure  3  -  Range  versus  (frontal  pressure)^  at  Incipient 
Scabbing  for  Different  Concrete  Compressive 
Strengths  (For  S-7.0,  t.-3  ft,  tc-9  in.) 


oik's,  mi 


scabbing  and  perforation.  An  example  of  a  military  application  Is  for 
earth  covered  concrete  structures  subjected  to  debris  resulting  from  an 
aircraft  shelter  exploslon(2) •  The  Implementation  of  results  Is 
demonstrated  in  Figure  6  where  the  large  debris  data  from  (2)  Is  expressed 
as  (W/A)l/2  an<j  plotted  for  their  ranges.  These  results  are  compared  to 
critical  (W/A)l/2  versus  R  for  various  spll  penetrability  Indices  for  3 
feet  of  sol 1  cover.  As  can  be  seen  nearly  all  data  falls  within  safe 
limits  of  realizable  soil  parameters.  Implications  for  siting  earth 
covered  structures  with  respect  to  aircraft  shelters  are  Indicated. 

Another  application  would  be  to  predict  the  depth  of  penetration  (or 
the  burster  layer  thickness  necessary  to  "catch"  a  bomb)  into  a  concrete 
burster  layer  from  a  bomb.  This  Information  Is  necessary  In  order  to 
define  the  ground  shock  load  used  for  underground  ohelter  design, 
b .  Suggestions  for  Follow-On-Research 

This  research  was  based  on  local  response  behavior  from  a  mlssle 
Impacting  an  earth  covered  structure.  The  local  response  equations  were 
computer  programmed  In  a  user  friendly  manner  for  a  soil-concrete  medium. 
To  expand  the  use  of  these  equations,  the  computer  program  should  be  made 
more  versatile,  Including  capability  of  analysis  for  any  combination  of 
different  materials  (applications  for  composite  construction  barriers  such 
as  concrete-sand-concrete  and  for  soil-burster  layer-soil  penetration 
predictions)  and  capability  to  automatically  converge  to  a  critical 
weight.  (This  option  would  be  obtainable  by  programming  a  numerical 
method  Into  the  existing  program.) 

The  research  should  also  be  extended  to  utilize  the  results  from  the 
penetration  equations  In  a  model  to  predict  overall  structural  response 
from  missies.  This  phase  would  Include  a  method  for  determination  of  the 
force-time  functlon(s)  to  be  applied  to  the  structure.  This  is  a 
necessary  phase  of  analysis  in  the  determination  of  survivability  of  earth 
covered  systems.  A  finite  element  program,  Including  the  force-time 
function  developed  and  soil  Interaction,  would  be  used  to  complete  the 
analysis. 
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ABSTRACT 


A  method  is  developed  for  solving  the  Euler  equations  on  two-dimensional 
regions  with  moving  boundary  components.  An  algorithm  is  presented  for  moving 
the  interior  grid  points  to  follow  the  moving  boundary  component ,  and  the 
modifications  necessary  for  implementing  the  finite-volume  algorithm  for 
solving  the  Euler  equations  on  a  moving  grid  are  stated.  These  concepts  have 
been  incorportated  in  a  computer  program  and  preliminary  numerical  results  are 
presented. 
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I.  INTRODUCTION 


The  field  of  computational  fluid  dynamics  is  continuously  expanding  to  deal 
with  more  and  more  complex  flow  regimes.  Improvements  are  being  made  in  both 
hardware  and  software.  As  the  new  super  computers  are  coming  on-line, 
algorithms  are  being  improved  to  solve  new  problems  with  greater  accuracy  and 
efficiency.  An  integral  part  of  any  numerical  algorithm  is  the  construction 
of  a  computational  grid.  Not  only  must  the  grid  fit  the  boundary  of  a 
complicated  three-dimensional  region,  it  may  also  be  required  to  dynamically 
adapt  to  the  movement  of  the  boundary  components . 

This  report  will  examine  several  aspects  in  the  solution  of  fluid  flow 
problems  on  moving  grids.  The  first  consideration  will  be  the  modification 
needed  in  a  typical  numerical  algorithm.  The  popular  finite-volume  method  for 
solving  the  two-dimensional  Euler  equations  has  been  selected  as  a  model 
algorithm.  It  will  be  obvious  that  the  techniques  developed  here  can  be 
easily  extended  to  three-dimensions.  The  same  techniques  are  also  applicable 
to  the  finite-volume  solution  of  the  Navier-Stokes  equations.  The  intent  is 
to  go  beyond  the  superficial  modifications,  such  as  the  recomputation  of 
changing  lengths  and  areas  used  in  the  algorithm,  and  to  investigate  the 
effect  of  grid  movement  on  the  accuracy  and  stability  of  the  algorithm. 

A  secondary  effort  during  this  period  has  been  development  of  an  efficient 
grid  moving  scheme.  For  complicated  regions,  like  the  region  about  a  complete 
aircraft,  the  construction  of  a  grid  may  consume  a  aignificant  portion  of  the 
overall  effort.  Therefore,  a  reconstruction  of  the  entire  grid  each  time  a 
boundary  component  moves  may  be  very  expensive.  This  observation  has 
motivated  the  development  of  an  algorithm  for  advancing  the  interior  grid 
points  to  follow  the  movements  of  a  boundary  component.  It  should  be  noted 
that  the  preservation  of  grid  spacing  at  the  boundary  would  not  be  as  critical 
in  the  present  solution  of  the  Euler  equations  as  it  would  be  in  the  solution 
of  the  Navier-Stokes  equations.  In  the  latter  case,  a  fine  grid  spacing  near 
the  boundary  must  be  maintained  due  to  the  presence  of  a  boundary  layer. 
Hopefully,  these  concepts  will  be  of  value  in  other  problems,  such  as 
resolving  shocks  or  material  interfaces,  where  moving  meshes  are 
advantageous. 

An  existing  computer  program  for  solving  the  Euler  equations  has  been  modified 
to  solve  a  problem  on  a  region  with  a  moving  boundary  component.  Numerical 
results  are  presented  to  validate  the  concepts  presented  in  this  report. 

II.  FINITE  VOLUME  METHOD 

Finite-volume  methods  may  be  used  to  solve  conservation  laws  of  the  form 

wt  4  *x  ♦  »y  *  0  (D 

where  f  and  g  are  functions  of  w.  If  the  above  equation  (1)  is  integrated 
over  any  region  R  with  boundary  3R,  and  the  Cauaa  divergence  theorem  is 
applied,  then 

// g  wt  dxdy  •  '  fdy  -  gdx  (2) 

Difference  equations  are  derived  by  defining  a  grid  on  R  and  numerically 
approximating  the  integrals  in  (2)  over  each  grid  cell.  The  following 
indexing  scheme  will  be  used  for  function  values  at  the  centroid  and  vertices 
of  a  grid  cell. 


S4-4 


(i  +  1/2,  j  +  1/2) 


(i  -  1/2,  j  +  1/2) 


(i  -  1/2,  j  -  1/2)  (i  +  1/2,  j  -  1/2) 

The  area  of  the  cell  will  be  denoted  by  :  and  the  increment  of  a 
coordinate  value  along  a  side  will  be  denoted,  for  example,  by 

ixi  ♦  l/2,j  "  xi  +  1/2,  j+  1/2  -  H  +  1/2,  j  -  1/2- 

The  time  level  of  a  variable  will  be  indicated  by  a  superscript.  In  order  to 
maintain  the  second  order  accuracy  of  the  numerical  algorithm,  a  trapezoidal 
time  differencing  will  be  used  in  (2).  Average  values  will  also  be  used  for 

the  incremental  values  of  x  and  y  which  will  be  used  to  approximate  the 

differentials  on  the  right  hand  side  of  (2).  This  is  indicated  notationally 

by 

n  ♦  1/2  n  ♦  1  n 

Axi  ♦  1/2, j  *  l/2(Axf  +  !/2f j  ♦  A*i  ♦  1/2, j > ‘ 

There  are  many  variations  of  the  f inite-volume  method  in  current  use.  The 
finite* volume  method  due  to  MacCormack  {  2  )  can  be  implemented  on  a  moving  grid 
using  the  following  predictor-cor rector  equations. 

^n  ♦  1  n  ♦  1  n  n  n  n  ♦  1/2  n  n  ♦  1/2 

wi,j  Ai,j  *  wi, j  Ai,j  *  *i  ♦  l,j  AYi  ♦  1/2, j  “  8i  ♦  1 , j  Axi  ♦  1/2,  j 


n 

n  ♦  1/2 

n  n  ♦ 

1/2 

♦  fi,i 

♦  1  fiTi,j  ♦  1/2  ' 

«i,i  ♦  1  4*i,j  ♦ 

1/2 

n 

n  ♦  1/2  n 

n  ♦  1/2 

*  fi.j 

*Vi  -  1/2, j  -  *i, 

j  A*i  -  1/2, j 

n 

n  ♦  1/2  n 

n  ♦  1/2 

♦  fi.j 

ATi.j  -  1/2  -  «i,j 

*»i. j  -  1/2 1 
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n  ♦  1  n  ♦  1  n  n  mi  ♦  1  n  n  ♦  1/2 
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*i.j  ♦  1 

)  .-Xi, 
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Since  equation  (4)  includes  values  at  the  previous  time  step,  it  is  computationally 
more  convenient  to  eliminate  these  values  by  solving  for  ;  ARi(j  in  (3)  and 
substituting  in  (4).  Thus  the  corrector  step  may  be  replaced  by 


n  ♦  1  «  ♦  1  %n  ♦  1  n  ♦  1  .n+ln  n  ♦  1/2 

wi,j  Ai,j  *  wi.j  Ai,j  -  ^ t/2  {(fi,j  fi  ♦  1,P  Ayi  ♦  1/2, j 


.n  ♦  1 

(*i,j 


n  n  ♦  1/2 

gi  *  L*i  ♦  1/2, j 


(5) 


yi  +  1  n  n  ♦  1/2  ^n  ♦  1  n  n  ♦  1/2 

♦  (fi,j  “  fi,j  +1>  4yi,j  ♦  1/2  -  <Si,j  '  8i,j  +  Axi,j  +  1 
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1/2 
1/2.  j 


yTi  ♦  1  n  n  ♦  1/2  ^n  ♦  1  n  n  ♦ 

♦  <*i  -  l,j  -  fi.j)  AVi  -  1/2, j  -  <8i  -  1,3  -  8i,j>  A«i  - 

♦  1  n  n  ♦  1/2  ^n  ♦  1  n  n  ♦  1/2 

♦  <*i,j  -  1  -  «i,j>  4Yi,j  -  1/2  -  <8i.,j  -  1  *  8i,j)  '*i,j  -  l/i 


Equations  (3)  and  (3)  differ  from  the  usual  predictor-corrector  equations  on  a 
fixed  grid  only  in  the  dependence  of  the  cell  areas  and  increments  of  x  and  y 
on  the  time  step  number.  From  the  form  of  these  equations,  it  is  noted  that 
the  increments  Ax  end  Ay  should  be  computed  as  soon  as  the  grid  points  at 
level  n  ♦  l  are  defined  and  before  any  computations  in  (2)  are  performed.  The 
cell  areas  at  level  n  ♦  1  are  not  computed  until  after  the  computation  of  the 
right-hand  side  of  (3)  is  completed.  In  this  manner,  previous  values  may  be 
overwritten  and  no  additional  storage  is  required  for  computing  on  a  moving 
grid.  It  should  be  noted  that  the  computation  of  cell  areas  at  the  same  time 
level  on  both  sides  of  (3)  would  be  equivalent  to  the  approximation  of  the 
area  integral  in  (2)  by  a  rectangular  rule.  This  would  result  in  a  method 
with  only  first  order  accuracy  in  time. 


III.  EULER  EQUATIONS 


The  Euler  equations  for  inviseid  com*  sssible  flow  are  equations  of  the  form 
(1)  where 


ou  \ 

f  pv 

PUZ  ♦  P  j  , 

g  -  /  PUV 

puv  I 

pv2 

(e  ♦  p )u / 

\  <• 

(6) 


The  pressure  is  given  by 

F  •  (y  -  1) (e  -  1/2  p  <u2  ♦  v2)). 


The  numerical  solution  of  these  equations  can  be  computed  using  the  finite- 
volume  method  discussed  in  the  previous  section.  Along  with  the  equations  (3) 
and  (5)  one  must  impose  appropriate  boundary  conditions.  On  a  solid  wall,  the 
velocity  component  normal  to  the  boundary  vanishes,  or 


u~y  -  vlx 


0. 


In  this  report  the  normal  derivative  of  the  pressure  has  also  been  set  to  xero 
at  a  solid  wall.  Previous  experience  of  Jecoeks  and  Kneile  (  1  '  indicate  that 
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this  boundary  condition  will  give  satisfactory  results  even  though  the 
curvature  of  the  wall  is  neglected.  The  number  and  type  of  inflow  and  outflow 
boundary  conditions  depend  on  whether  the  free  stream  flow  is  subsonic  or 
supersonic.  In  the  computations  reported  here,  supersonic  free  stream 
conditions,  were  used.  Thus  all  variables  were  prescribed  at  the  inflow 
boundary.  A  one-sided  differencing  of  the  Euler  equations  was  used  to 
determine  the  values  of  the  variables  at  the  outflow  boundary. 

The  Courant-Friedrichs-Lewy  (CFL)  criteria  is  a  necessary  condition  for 
stability  of  the  MacCormack  finite-volume  method.  A  rigorous  determination 
of  the  CFL  criteria  would  require  the  computation  of  the  eigenvalues  of  the 
Jacobian  matrices  of  f  and  g  in  (6).  However,  the  intuitive  approach  of 
Jacocks  and  Kneile  (l)  can  also  be  used  to  estimate  the  CFL  criteria  on  a 
moving  grid.  The  local  speed  of  a  sound  wave  is  given  by 


Consider  the  time  interval  required  for  a  sound  wave  to  pass  from  one  side  of 
a  typical  grid  cell  to  the  other.  If  side  s  is  defined  by  the  vector 

s  -  (ax,  Ay) 


and  the  area  of  the  cell  is  A, 
can  be  approximated  as 


then  the  distance  from  s  to  the  opposite  side 


d  » 


R 


If  q  ■  (u,v)  denotes  the  velocity  of  the  fluid  and  r  *  (xt,  yt)  is  the 
velocity  of  the  cell,  then  the  net  rate  of  speed  of  a  sound  wave  moving  normal 
to  s  is 


where 


|  (q  -  r)  •  n  |  ♦  c 


«  .  A  x) 

'll  I . 


Thus  the  sound  wave  will  reach  the  other  side  of  the  cell  in  a  time  interval 
of  approximately 

_ A 

i  •  (  [{q  -  r  }  ".  n  |  ♦  c)  [s’? 


It  is  therefore  intuitively  clear  that  the  CFL  criteria  will  be  satisfied  when 
At  is  chosen  to  be  bounded  above  by  the  minimum  of  the  quantity  i  over  all  sides 
of  all  cells.  The  form  of  6  reveals  that  the  stabiity  of  the  scheme  is 
enhanced  when  the  grid  cells  move  with  the  fluid  since  this  tends  to  decrease 
the  vector  q-r. 


IV.  EQUATIONS  FOt  CjUD  DYNAMICS 

There  are  numerous  reasons  why  one  would  be  faced  with  the  problem  of 
computing  the  solution  of  fluid  flow  equations  on  moving  trids.  The  specific 
problem  which  is  considered  here  is  the  case  where  a  double-connected  region 
has  one  stationary  and  one  moving  boundary  component.  Tins  type  of  region 
night  be  encountered  in  computing  the  relative  trajectory  of  one  body  with 
respect  to  another  body.  More  specifically,  one  might  be  interested  in 
determining  the  trajectory  of  a  bomb  or  external  fuel  tank  after  it  is  released 
from  an  aircraft.  Regardless  of  the  specific  problem,  there  are  two  grid 
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related  tasks  which  oust  be  addressed.  The  first  is  to  determine  the  position 
of  the  moving  boundary  component  after  each  time  interval.  The  second  task  is 
to  redefine  the  grid  on  the  region  with  boundary  consisting  of  the  stationary 
component  and  the  moving  component  in  its  new  position. 

Since  the  Euler  equations  are  being  solved,  no  viscous  forces  will  be 
^nsidered.  Consider  the  case  of  a  cylindrical  body  whose  cross-section 
defines  a  boundary  component  of  the  region.  The  only  forces  that  will  be 
included  are  those  due  to  surface  pressure  and  gravity.  If  C  denotes  the 
boundary  component,  then  the  x  and  y  components  of  the  force  per  unit  length 
on  the  cylindrical  body  are  given  by 

Fx  -  -/c  (p  -  pj  yg  ds 

Fy  -  / C  (p  -  pj  x,  ds  -  mg, 

where  p.  denotes  the  free-stream  pressure.  The  constant  m  is  the  mass  ^er 
unit  length  and  g  is  the  gravitational  constant.  The  total  pitching  moment 
about  the  center  of  gravity  of  the  body  can  also  be  computed.  Let  (xc,  yc)  be 
the  center  of  gravity.  Then  the  pitching  moment  is  given  by 

M  -  /c  (p  “  p„)  {(y  -  yc)  y#  ♦  (x  -  xc)  x,  }{drc/ds)  ds 

where 

rc  •  ((x  -  xc)2  ♦  (y  -yc)*}!/2 

These  forces  and  moments  can  be  used  to  determine  the  acceleration  of  (xc,  yc) 
in  the  x  and  y  directions  and  the  angular  acceleration  of  the  body  about  (xc, 
yc).  Specifically,  the  three  accelerations  are  given  by 

Ax  -  Fx/ m 
Ay  -  Fy/m 
A0  -  H/l 

where  1  is  the  moment  of  inertia  of  the  bodv.  The  implementation  of  these 
formulae  require  a  numerical  integration  schema.  If  the  grid  points  on  C  are 

indexed  by  (1/2,  j  -  1/2),  j  •  1,2,  - ,k,  and  the  notation  of  Section  111  is 

used,  the  following  approximations  may  be  used. 
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Mote  that  interpolation  is  needed  to  find  the  values  of  x,  y,  and  p  indexed  by 
(l/2,j).  Once  an  initial  position  and  velocity  of  the  body  is  prescribed. 


the  computed  accelerations  determine  the  position  at  each  time  step.  If  the 
pressure  at  time  level  n  +  1  has  been  computed,  then  the  accelerations  at 
level  n  +  1  can  also  be  computed  by  equations  (7).  The  velocity  of  the  center 
of  gravity  and  the  angular  velocity  are  now  approximated  as 


Vxn  +  1  =  Vxn  + 
Vyn  +  1  =  Vyn  + 

V0n  +  1  =  V0n  + 


AtAxn  +  * 
AtAyn  +  1 
AtA6n  +  1 


Finally,  the  coordinates  of  the  center  of  gravity  and  the  rotational 
displacement  about  the  center  of  gravity  can  be  computed  as 


xcn  +  2  =  xcn  +  1  + 
ycn  +  2  =  ycn  +  1  + 

A9  =  At  V0n  +  1 


At  Vxn  +  1 


At  Vy 


n  +  1 


The  translation  and  rotation  of  the  body  has  been  computed.  Before  the 
solution  process  can  continue,  a  new  grid  is  needed  for  time  level  n  +  2.  It 

will  be  assumed  that  the  grid  points  on  C  move  with  the  body  and  retain  their 

same  relative  positions.  While  this  may  be  a  rational  assumption  for 
translations,  it  may  not  be  advisable  for  large  rotational  displacements.  The 

aim  here  is  to  derive  an  efficient  method  for  redistributing  the  interior  grid 

points  so  that  they  do  not  fall  outside  of  the  region  when  the  boundary 
component  C  is  moved. 

Elliptic  systems  of  partial  differential  equations  have  been  very  successful 
in  generating  grids  for  complicated  two  and  three-dimensional  regions.  As 
discussed  in  the  report  by  Thompson  et.  al.  {  3^,  an  iterative  procedure  is 
required  to  solve  these  systems.  This  makes  such  procedures  inefficient  when 
frequent  regridding  is  necessary.  However,  many  of  the  advantages  of  elliptic 
systems  are  enjoyed  by  parabolic  systems  of  the  form 

rt  ♦  «rc  .  br„  -  crtc  +  dr  ^r.  +  errin’  (8) 

where  r  ■  (x,y)  and  f.  and  n  are  curvilinear  coordinates  as  indicated  in  the 
following  sketch. 


y  r<c:.V 


The  grid  points  are  defined  by  solving  this  system  on  a  rectangular  region  in 
the  £n  -  plane.  If  the  initial  grid  is  given,  then  succeeding  grids  can  be 
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generated  by  any  of  the  marching  procedures  for  solving  parabolic  equations. 
The  object  then  is  to  pick  the  coefficients  so  that  the  grid  points  follow  the 
boundary  component  C.  Suppose  the  grid  motion  near  C  is  governed  by  the 
convective  (first  order)  terms  in  equation  (8)  while  the  diffusion  (second 
order)  terms  are  much  smaller  and  serve  only  to  smooth  the  solution.  Let  C  be 
the  image  of  the  line  £  ■  and  let  r,  =  nj  denote  grid  lines  intersecting 
C  as  above.  If  the  diffusion  terms  are  neglected,  then  the  trajectories  of 
the  grid  points  can  be  specified  by  choosing  the  coefficients  a  and  b  to  be 
solutions  of  the  system 

rt  +  arr  +  br  =  0.  (9) 

s  ri 

Now  suppose  the  motion  of  the  grid  points  along  n  «  nj  is  the  same  as  the 
point  r(£j,nj)  on  C.  Then  a  and  b  are  defined  in  terms  of  grid  velocities 
on  C  by 

a(C,n)  =  1/J  (x^  (C,n)  y^C^n)  -  xfc(C1,rl)  y  (£,rt)) 
b(£,n)  -  l/J  (xt(C1#n)  yj.  U,n)  -  ^  (C.n)  U^n)) 

J  -  x^  (C,n)  (C#n)  -  x^  (c,n)  y^  (S,n). 


The  coefficients  c,  d,  and  e  in  (8)  are  quite  arbitrary  and  need  only  satisfy 
the  condition  d^  -  4ce<  0. 


A  well-posed  initial-boundary-value  problem  for  the  coordinates  of  the  moving 
grid  has  now  been  defined.  An  explicit  numerical  algorithm  has  been  proposed 
for  solving  this  problem  concurrent  with  the  solution  of  the  Euler  equations. 
Since  only  coordinate  values  are  considered  in  this  Section,  and  not  flow 


variables,  we  will  let  r(E£,  n  \)  9  r  rather  then  revert  to  the 


y 

fractional  indexing  used  in  Section  II.  Central  differences  are  used  for 
aproximating  the  second  order  derivatives.  However,  due  to  stability 
considerations,  one-sided  upwind  differences  must  be  used  for  the  first  order 
spatial  derivatives.  The  complete  difference  equation  which  governs  the 
movement  of  the  interior  grid  points  at  time  level  n  ♦  1  can  be  written  as 
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Based  on  the  coefficients  used  by  Thompson  et.  al.  {3)  in  elliptic  systems, 
the  following  values  were  selected  for  c,  d,  and  e. 


d  ■  r5  •  yf 


where 

f  -2  At(|rc|2  +  |rj2) 

Since  the  factors  multiplying  a  and  b  in  (10)  are  the  order  of  the  grid 
spacing  and  the  factors  multiplying  c,  d,  and  e  are  the  order  of  the  square  of 
the  grid  spacing,  these  coefficients  work  especially  well  when  a  fine  boundary 
layer  grid  is  to  move  with  a  body  and  the  smoothing  is  to  occur  in  the  region 
of  the  coarse  grid.  This  is  exactly  the  situation  encountered  in  the  examples 
of  the  next  Section. 

V.  EXAMPLES 


The  computational  results  of  this  report  serve  only  to  validate  the  numerical 
algorithms  and  are  not  intended  to  be  precise  fluid  dynamic  simulations.  It 
must  be  admitted  that  the  reason  for  this  deficiency  lies  in  the  inability  of 
the  original  Euler  code,  which  was  developed  to  solve  a  nozzle  flow  problem, 
to  generate  accurate  pressure  values  near  stagnation  points.  Therefore,  the 
numerical  results  will  be  presented  from  a  qualitative  rather  than  a 
quantitative  point  of  view.  All  grid  movement  was  started  in  what  was  roughly 
a  steady  slate  flow  field. 

The  first  series  of  computations  were  performed  on  the  grid  illustrated  in 
Figure  1.  The  interior  boundary  component  is  the  crossection  of  an  elliptic 
cylinder  and  the  outer  boundary  component  is  a  nearly  circular  ellipse.  The 
free  steam  flow  is  at  Mach  number  1.1  and  zero  angle  of  attack.  If  the 
cylinder  is  released  from  its  fixed  position,  and  gravitational  forces  are 
negligible,  the  cylinder  will  move  to  the  right  with  the  center  remaining  on 
the  major  axis.  Figures  2  and  3  are  of  the  same  region  of  the  xy-plane. 

Figure  2  is  a  closeup  view  of  the  elliptic  cylinder  in  its  original  position 
and  Figure  3  is  the  grid  about  the  cylinder  after  the  acceleration  due  to  drag 
has  caused  the  cylinder  to  move  a  distance  of  nearly  half  of  its  major  axis. 
The  noticeable  rotational  movement  was  due  to  a  slight  nonsynmetry  in  the 
numerical  solution.  If  the  acceleration  of  the  body  is  primarily  due  to 
gravity,  the  body  translates  along  the  minor  axis.  Figure  4  indicates  the 
position  of  the  cylinder  after  translation  */  a  large  gravitational  force. 

In  both  Figures  3  and  4,  the  grid  cells  near  the  body  retain  the  same  size  and 
shape  as  in  the  original  position  indicated  in  Figure  2.  The  remaining  part 
of  the  grid,  which  is  not  plotted,  would  appear  as  is  Figure  1.  A  graphical 
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representation  of  the  flow  field  generated  by  solving  the  Euler  equations 
reveals  the  expected  perturbations  caused  by  movement  of  the  body.  Velocity 
vectors  and  mach  contours  for  the  body  in  Figure  3  are  depicted  in  Figures  5 
and  6.  The  velocity  vectors  have  remained  tangent  to  the  body.  Since  the 
numerical  solution  was  highly  smoothed,  the  Mach  contours  are  somewhat 
unrealistic.  However,  the  position  of  the  contours  is  characteristic  of  the 
angle  of  attack  of  the  body  at  that  particular  poipt  in  time. 

The  second  configuration  is  motivated  by  practical  problems  in 
aerodynamics  such  as  aircraft-store  separation  and  ground  effects  on  low 
flying  aircraft.  A  portion  of  the  outer  boundary  component  is  now  a 
horizontal  line  segment  on  which  solid  wall  boundary  conditions  will  be 
imposed.  The  grid  for  this  region  appears  in  Figure  7.  The  grid  motion  in 
this  case  is  due  to  both  gravitational  and  drag  forces.  At  a  later  time,  the 
body  and  nearby  grid  appears  as  in  Figure  8.  Note  that  the  presence  of  the 
wall  causes  a  nonsynmetric  pressure  distrution  which  induces  a  larger 
rotational  motion  in  this  example.  A  modification  of  the  grid  moving  scheme 
was  necessary  to  keep  the  grid  points  near  the  wall  in  their  original 
position.  All  that  was  required  was  simply  to  multiply  the  coefficents  in  (8) 
by  an  exponential  decay  factor  which  was  one  near  the  inner  boundary  component 
and  nearly  zero  at  the  outer  boundary  component.  The  free  stream  flow  field 
for  this  problem  is  at  a  Mach  number  of  1.3  and  the  velocity  field  and  Mach 
contours  are  plotted  in  Figures  9  and  10. 

Although  no  addition  computer  storage  is  required  for  moving  grids,  the 
execution  time  is  increased.  The  above  cases  employed  a  30  by  40 
computational  grid  and  were  run  on  a  CDC  6600.  In  the  initial  time  interval, 
when  no  grid  movement  was  allowed,  the  computation  of  each  100  time  steps 
required  about  5  seconds  of  computer  time.  After  grid  movement  was  allowed  to 
commence,  each  100  time  steps  consumed  about  7  seconds  of  computer  time. 

VI  CONCLUSIONS 

A  numerical  algorithm  for  solving  the  Euler  equations  on  a  moving  grid  has 
been  developed  and  coded.  The  numerical  results  represent  the  gross 
characteristics  of  the  flow  field.  The  accuracy  of  the  results  was  limited  by 
the  original  Euler  code  and  not  related  to  grid  motion.  No  doubt  improved 
results  could  have  been  obtained  if  more  effort  had  been  expended  on 
optimising  the  smoothing  procedure  for  this  particular  geometric 
configuration.  Rather  it  was  decided  to  direct  our  efforts  toward  the  grid 
moving  procedure.  Most  likely,  the  potential  user  will  want  to  incorporate 
the  moving  grid  techniques  into  a  highly  developed  production  code.  This 
report  should  make  that  task  easier.  All  of  the  concepts  can  be  easily 
applied  to  three-dimes ional  problems  with  no  more  than  the  usual  complexity 
associated  with  an  added  dimension. 

It  is  obvious  froib  the  above  statements  that  much  work  remains  to  be  done. 

The  eventual  goal  is  the  solution  of  the  three-dimensional  Navier-otokes 
equations  for  fluid  dynamic  problems  requiring  moving  grids.  The  technique  of 
allowing  the  interior  grid  to  move  with  the  boundary  was  developed  with  this 
goal  in  mind.  For  more  complex  geometric  problems  involving  multiple  bodies 
or  large  rotational  motions,  this  technique  would  have  to  be  augmented  by  an 
occasional  redistribution  of  boundary  points  or  even  a  regriding  of  the 
complete  region  whenever  the  grid  became  distorted.  It  should  be  noted  that  a 
regriding  of  the  region  would  require  an  interpolation  of  the  solution  values 
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from  the  old  grid  to  the  new  grid.  One  advantage  of  the  moving  grid  algorithm 
of  this  report  is  that  interpolation  is  not  needed. 

A  rather  heavy  penalty  must  be  paid  if  the  solution  of  the  fluid  flow  problem 
is  to  follow  the  grid  dynamics.  In  the  examples  reported  here,  the  execution 
time  of  the  Euler  code  was  increased  by  about  40  per  cent.  Clearly,  the 
program  would  be  more  efficient  if  the  grid  were  only  updated  when  necessary 
rather  than  at  each  time  step.  This  option  was  not  tested  since  no  simple 
procedure  for  determining  when  updating  was  necessary  could  be  found. 
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Figure  3.  Partial  grid  about  ellipse  -  after  motion  by  drag  force 
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ABSTRACT 


In  this  report  we  give  a  preliminary  Iterative  approximation 
procedure  to  solve  the  optimal  control  scheme  that  leads  to  the 
minimization  of  a,  possibly  noncoerclve,  specified  performance  Index 
of  a  system  governed  by  the  usual  type  of  hyperbolic  equation.  The 
minimization  Is  over  specified  types  of  closed  convex  sets  that  may 
possibly  be  unbounded. 
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I.  INTRODUCTION: 

Feedback  optimal  control  problems  related  to  partial  differ¬ 
ential  equations  of  the  hyperbolic  type  are  of  Interest  because  It  Is 
known  that  vibrations  of  large  flexible  structures  in  space  are  governed 
by  hyperbolic  differential  equations.  To  prevent  a  breakdown  In  the 
space- structure,  these  vibrations  must  be  kept  under  control,  near  to  a 
ore-determined  desirable  level.  This  Is  achieved  by  first  sensing  the 
magnitude  of  the  vibrations  by  sensors  which,  then,  trigger  the  controls 
or  actuators  to  alter  the  external  force-function  that  creates  the 
vibrations  In  accordance  with  a  law  governed  by  a  hyperbolic  differen¬ 
tial  equation.  So,  one  of  the  underlying  problems  Is  to  arrive  at  a 
control  energy  that  will  alter  the  external  forcing  function  to  just  the 
right  extent  with  a  view  to  keeping  to  a  minimum  level  a  certain  "per¬ 
formance  Index"  or  "cost- functional"  which  measures,  among  other  things, 
"the  excess  vibrations"  l.e.  the  deviation  of  the  state  of  the  system 
from  a  desired  state. 

Lacking  the  knowledge  of  a  most  suitable  expression  for  the 
performance  Index,  we  keep  all  possibilities  In  mind  In  doing  the 
thoeretlcal  work  of  minimizing  It.  Of  several  types  of  performance 
Indices  that  may  be  employed,  we  have  here  worked  with  a  general  type 
that  Is  not  rt*tr*rt*A  k?  the  :-;v;zy  a»u.n^ions  usual  in  liter¬ 
ature  (cf.  [1])  when  the  set  of  admissible  controls  Is  unbounded.  It 
r«s  been  shown  In  [21  tMt  with  this  kind  of  performance  Index,  In 
certain  general  types  of  unbounded  sets  of  admissible  controls,  an 
optimal  control  exists  that  minimizes  the  performance  Index.  So,  under 
the  stipulated  conditions,  this  renders  false  the  naive  Intuition:  the 
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optimum  point.  In  our  context. 

*  have  maintained  the  -partial  differential  equations 
PProaoh"  to  the  optimal  control  problem  for  various  reasons.  Efforts 
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respectively,  with  the  corresponding  Inner  products  given  by 
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fled  with  Its  anti-dual  H/  #  and  W  with  Its.  In  addition,  we  will  deal 
with  Hilbert  spaces  (V,  IMIy)  and  (Vlll,ll^)  where  V  Is  alge¬ 
braically  and  topologically  contained  in  H  ,  V  is  a  dense  subset  of 
H#  and  V *  >  V)  .  The  Inner  products  of  V  and  V  are 

denoted  respectively  by  (£,*  >  *3)  and  ((•  >  .  . 

V  7 

Of  concern  In  this  report  are  certain  aspects  of  a  feedback 
control  problem,  as  explained  below. 

We  will  begin  with  a  space  of  controls,  *U  5  3^*2  2* 

2 *  -  -  *  2  (n  factors),  where  Is  a  complex 

separable  Hilbert  space,  algebraically  and  topologically  contained  In 
(£1  |«|  }  .  It  Is  then  a  product  Hilbert  space,  with  the  usual 

Euclidean  norm  and  Inner  product  denoted  by  and 

respectively.  The  control  feedback  operator B  on  H  is  assumed  to  be 
extendible  to  a  continuous  linear  operator  i  H  ,  the  exten¬ 

sion  being  denoted  again  byB  .  The  set  of  admissible  controls.  In  this 
report.  Is  a  set  of  the  form 


m 

\  •  9 


where  A  Is  a  constant,  y  a  ~ 

and  for  all  i,  *4*4  n,  Is  a  continuous,  linear 

operator.  Also,  for  all  i,  \ 

Assumption  on  each  %  .  There  exists  a  constant  V>0  such 


I  r  *400|  *  V  III T> lllu  for  all  V  «•  u.  ...  (2) 

Assumption  on  each  .  There  exist  constants  >ax. 

such  that 

£.(/*,*)  *  <  oo  .  (3) 

for  almost  all  .  (Some  or  all  of  the  |j.*  may 

satisfy  the  alternative  requirement.  -«§  4  ->*^<0* 

and  our  work  goes  through  with  only  minor  modifications). 

Although  our  results  are  true  for  all  of  the  form 

(1),  and.  Indeed,  for  somewhat  more  general  forms  of  ,  our 

Interest  obviously  lies  only  on  those  7^*  which  are  unbounded  In 
ti.  It  Is  easy  to  show  (cf.  [2])  that  the  definition  (1)  of 
renders  It  closed  and  convex  in  11. 

In  this  report  we  will  lay  down  the  beginning  of  a  theory  that 
will  eventually  allow  us  to  numerically  approximate  the  optimal  control 
that  minimizes  a  certain  performance  Index  (described 
later  In  (6))  of  a  system  whose  state  ^  Is  governed  by  a  hyperbolic 
partial  differential  equation  of  the  form: 


where,  V  i  €  [0>T}  t  t  V— >  V  ,  V  being  the  anti-dual 

of  V,  is  a  continuous  linear  operator  satisfying  certain  well-known 
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conditions  of  continuous  weak-dlfferentlablllty,  symmetry  and  strong 
coerclvlty  (or  V-elllptldty).  These  conditions  are  needed  for  the 
existence  and  uniqueness  of  solution  of  (4)  under  very  general  types 
of  Initial  and  boundary  conditions  ([1]). 

We  are  Interested  In  a  certain  type  of  performance  Index, 

J  •  *U.  ®  ,  and  to  completely  describe  this  J  ,  we  Introduce  among 

the  hypotheses,  (1)  a  complex  Hilbert  space  of  "observations", 

(v,  ||  *11^)  »  (11)  a  "desired  observation"  ,  (1 1 i )  a  con¬ 
tinuous  linear  "observation"  operator  and  (1v)  a  con“ 

tlnuous,  linear  "control  law"  operator  N  i  such  that 


1$  real,  and 

£<&  *  (((Nu.v)))  0 

Ul  H  T*- 

for  all  U  a  • 


(5) 


The  performance  Index  or  the  cost-functional  J  Is  now  given  by 


JCV)  *  CV»tf)+  II  >v)-  £ .(.*!» 


+  fora11  2  4  *U. 


H 

(6) 


where  C'**>T?)  Is  the  "state  of  the  system", 
unique  solution  of  the  closed-loop  system  (  V 
Y  «  H  being  given) 


and  Is,  In  fact,  the 
,  V  and 
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V  l\ 


j.V 

*  ■•••In  Jif, 

JlhlLZlcU. 

It 

^C*.Oiw)a  Y/S)  ■••.In  A, 

ivCa^io  _  ,„v  ...  «.  ji" 


=.  ^(C»)  ae-  1n 


^  1$  | 


function  satisfying  the  following  condl 


It  •-*  ^  Cl?>  v)  :  H  — *  1R  Is  convex. 


there  exists  a  constant  H>0  such  that 

fit*.*)-  i  %  d-i^-^c^r 

+4?  f  *«  ii^c 

*  i»l  M,  *  Ul  *  * 


for  all  V  s  (.*„•••,  V„)  C  U^. 


«phas1ze  that  the  J  given  in  (6)  need  not  be  coercive.  1  e  J 


need  not  satisfy  the  condition  "  «T  (it)  ~>/  (const) D| Ti III  V  y  e 14., " . 

U 

With  minor  modifications  In  the  def Ini t1on(l )  and  the  assumption  (8),  we 
may  even  supply  examples  In  which  J  does  not  satisfy  the  condtion, 

"  JC^)"*00  whenever  III  3k*  HI  °*  In  11^".  Of 

course,  our  theory  holds  even  If  these  condltons  were  true. 

As  stated  earlier,  the  objective  of  the  present  report  Is  to 
put  forward  a  theory  which  will  eventually  lead  to  methods  of  numeri¬ 
cally  approximating  the  optimal  control  that  will  minimize 

the  J*  given  In  (6)  subject  to  the  other  stated  stipulations. 


III.  EXISTENCE  AND  UNIQUENESS  OF  OPTIMAL  CONTROL  -  VARIATIONAL 

mvurm — -  - 


We  continue  with  the  notations  and  the  assumptions  laid  out 

above. 

Let  ;  W-fr  V  and  TX-aTi/  be  the  canonical 

Isomorphisms  where  and  Vf  are  the  anti-duals  of  V and  Ti  respec- 
tlvely.  Let  the  operator  ^1  be  defined  by 


for  all  u  * 

and  for  all  tfafe)  1n\l.  Let  Bl'N-ali,  U-^U,  H  ‘Wl  ) 

•  •I 

-♦li  ,  be  the  appropriate  adjoints  (cf.  [3])  of  the  continu¬ 
ous  linear  operators  3:11-*#*  N  •*  U-*  11,  *  and 

respectively.  Then,  under  all  the  assumptions  made  earlier, 
we  can  prove  the  following  theorem  ([2]), 

Theorem.  There  exists  an  optimal  control  u. *  (see  (1)) 
minimizing  the  performance  Index  given  by  (6).  This  optimal  control 


I  .*•' 
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Is  a  simultaneous  solution  It  of  the  system  (7),  the  following  adjoint 
system  (  jv  is  called  the  adjoint  state). 


IT  +  A(t)  (  6^  -  fa)  In  % 

Jl€  V ,  tHi  p  (t)  mO«  CT )  , 


(10) 


(where  lj  ,  being  a  solution  of  (7),  Is  a  function  of  Of  €  ,  and 

so  |t  should  In  reality  be  represented  as  |*C£)  *  and  Ji(T)  as 
J*(T  J  V)  *  «tc.)t  and  the  following  variational  Inequality, 

r,  C*,*) 

♦  <&  (C(  CN*N*)Cv)+  A^'  (*+  X'kll),  V  -*  >»u 

♦  &  <U2  Aj^SVCO,  3?  -Tt  all  *  *  U^.  (11) 


Moreover,  this  optima  c?ni;d  is  unique  In  If 

at  least  one  of  the  m2  mars, 

.  v  w*  «(*,  N*  , 

Is  strictly  convex. 


(12) 


This  completes  the  statement  of  the  theorem.  Nontrivial 
examples  applying  this  ex1stence>un1queness  theorem  are  given  In  (2). 


IV.  *  PRELIMINARY  APPROXIMATION  PROCEDURE  TO  EVALUATE  THE  OPTIMAL 
uVilftOL  u»~ 

He  make  all  the  assumptions  made  above.  Induing  (12).  In 
addition,  we  assume  that  (see  [3]  for  technical  deflnltons) 

8  ’•  Is  a  compact  operator. 


(13) 


Cit.it) :  U-*1R  Is  lower 
semi -continuous  In  the  weak  topology  of  It. 

Results  of  the  previous  section  yield  existence  and  uniqueness  of  an 
optimal  control  tj*  €  *11^  .  Fix  a  positive  number  J)>,2  # 

and  let 

We  now  give  below  steps  of  a  preliminary  approximation  procedure  with 
the  limited  objective  of  approximating  the  solution  of  only  the  varia¬ 
tional  Inequality  (•!;.  This  procedure,  as  It  stands  here,  Is  not 
directly  adaptable  to  numerical  treatment  because  at  each  step  exact 
solution  of  an  approximate  variational  Inequality  Is  called  for. 
Development  of  the  following  Ideas  Into  a  numerical  analytic  procedure 
Is  left  for  the  future. 

Step  1.  Start  with  aoy  conveniently  chosen  *U^* 

Step  2.  Obtain  the  exact  solution  of  the  system  (7)  In  which 
CO 

Vt  has  been  replaced  by  *£  .  Such  a  solution  exists  by  a  known 

theorem  (cf.  [1]).  Call  this  solution  ^  . 

Step  3.  Replar*  j  by  In  (10),  and  then  obtain  Its  exact 

solution.  Such  a  solution  exists  by  a  known  theorem.  Call  this  solu¬ 
tion  n*1' . 

Step  4.  In  (11)  replace  ftV)  by  and  by 

•  Obtain  the  exact  solution  of  the  resulting  variational 
Inequality.  Since  Is  a  closed  convex  bounded  set  Inti,  a 


h  s-i: 


:_s*  V>‘  * 


V_hW>> 


known  theorem  tells  us  that  such  a  solution  exists.  Call  this  solution 


Step  5.  Repeat  Step  2  with  *£  '  replacing  the  12  of  system 
(7)  (instead  of  &0>  replacing  the  2).  This  will  yield  a 

Step  6.  Repeat  Step  3  with  replacing  the  ^  In  (10). 
This  will  yield  a  . 

Step  7.  Repeat  Step  4  with  replacing  Jit'S)  In  (11). 

This  will  yield  a  -uU)  . 

This  procedure  may  be  repeated  Indefinitely.  We  have  thus 
inductively  constructed  an  Infinite  sequence 

u)  ("O 

u  ,  u  ,  ~  ,  -  -  -.14  i .  ...  (15) 

*  th 

of  elements  of  the  closed  convex  bounded  set  .  At  the  1™  stage 

we  actually  have 

/  <4«0  (i^l)  k 

4  (S2c  (((  (M+N'Kli1**0) 

♦  >  v-*"*  )))u 

♦  <&  «C2  ^  for  all  »«  l£\  (16) 

Since  ul4>6  .  we  have  for  all  i.  Thus,  the 

sequence  (15)  has  a  weakly  convergent  subsequence  (for  this  weak  sequen* 
tlal  compactness  property  of  Hilbert  spaces,  see  [3]).  We  are  now  going 
to  show  that  whenever  \  is  a  subsequence  of  (15)  that 

converges  weakly  InU,  this  subsequence  converges  weakly  to  . 
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.  suppose  l  [  ,  converges.  In  the  weak  topology  of 
U.  to  v,  e  U  Since  1s  weakly  close(j  1n  ^  ^  have>  ,n 

;act*  ■*<»>.  {3(tt^>r  convergesto 

*  1n  W  •  S1nce  the  so1uti°"  <*  the  system  (7)Tand  the  derivative 
of  the  solution,  depend  continuously  on  the  forcing  function  ([1]),  we 
have 

as  yu-*  *># 

3„ 

*  as  A~*“  • 


This  yields*  in  turn, 


In  * 

t*  *  ■pCVt)  In  ^  as  yu-» 
-v,  -4“ —  in  $4  as  M  - 


as  /A  -*•  oe 


Let  us  note  now  that  the  Inequality  (1£)  implies  that 

+d^  ca  <N+N*xi4)+A^csf+jd')ca),  y. 

♦  2 /£*'<*  H -««*'>  M  ,0 


for  all 


because  Gt  CCCA^Cfc+K'Kv),^  w  ^  ■£  (jwvn 

*<t  *■!  *  4<< 

and  &  (CC  CN+N*Xli),  V  \  =  2(&  (Kv,  Ns.)))  ( and  the 

assumption  (5)  can  be  applied  with  v  replaced  by  _  ^(A+O 
In  the  Inequality  (17)  transpose  the  term  FtC^°,  to 

the  right  side,  take  the  "11m  inf"  of  both  sides  as  ^ „  ,  appiy 

(14),  and  we  eventually  end  up  with 

FJCv.y) -!■(.$.  -a.) 

+<&  (C(  Cn+m*Xi>)  +  A^(«  +  3’</<)(>v>)j  ))) 

+  &  «(2  aJ  B|»  c>»o ,  t*  -  -a,  yn>u  >,0 

for  all  *  t  (1 

This  yields  that 

P,Ct*,H)-F;  (.*!&,  *&) 

♦  Gi  CC(  Cn+n*)( *0  +  a;'  (*  4.  K'XtiO,  *>  -  v. 

♦<R. 

for  all  H.U«  ...  (li 


as  can  be  seen  by  replacing  the  *  In  (18)  by  0-«l)v  +  0v,  for 

.  applying  the  convexity  of  FJCa.v)  ,  dividing  by 
•-#  ,  and  finally  taking  the  limit  as  $-»  1“ 

The  Theorem  given  In  the  previous  section  Is  true  when  *U 
1$  replaced  by  .  Using  this  theorem  we  see  that  the  Inequality 

(19)  Implies  that  v.  Is  the  optimal  control  that  minimis  J  over 


•  However,  -u#  minimizes  J  over  It  .  ,  and  hence,  over 

U«  •  ^  the  uniqueness  part  of  the  theorem  just  mentioned,  we 

have  V,  *  U»  . 

Thus,  u  <U0  weakly  in'll,  as  yu  -4  o#  .  But 

l  was  an  arbitrary  weakly  convergent  subsequence  of 

the  sequence  (15).  Hence,  by  standard  methods  of  analysis,  the  sequence 

(15)  Itself  converges  weakly  to  InU. 

let  \,£»\  be  an  orthonormal  basis  of  ll.  We  now 
x*i 

have  the  usual  limit  (in  £)  of  ((( 

M 

as  >*-*••.  So,  calculation  of  -cu  B  21  III  >  §i5»  §;  to  a 

*-■ \  “  It  ~ 

desired  degree  of  accuracy  may  be  accomplished  by  calculating 
ClC  gj.3))^  ,  for  each  t ,  to  an  appropriate  degree  of  accuracy  by 
representing  by  III  for  an  appropriate 

*m.  Since  in  numerical  calculation,  we  are  able  to  deal  with  only  a 
finite  number  of  1 B s  by  ignoring  the  rest,  we  may  face  here  a  different 
kind  of  "spillover  effect"  that  depends  on  the  1 1 s  that  were  ignored. 


V.  RECOMMENDATIONS: 

Follow-up  research  may  be  performed 

(I)  to  consider  the  spillover  kind  of  effect  mentioned  In  the 
last  sentence  of  the  preceding  section, 

(II)  to  Investigate  under  what  conditions  approximate  solu¬ 
tions  may  be  obtained  In  all  the  algorithmic  steps  given  near  the  begln- 
Ing  of  the  previous  section,  and  still  come  out  with  a  sequence  (15) 
that  converges  weakly  to  the  exact  solution  , 


(1 1 i )  to  develop  the  numerical  analysis  needed  to  obtain  the 
approximate  solutions  just  mentioned, 

(1v)  to  determine  whether  our  theory  may  be  successfully 
applied  to  systems  governed  by  parabolic  partial  differential  equations, 
(v)  to  examine  whether  a  hyperbolic  equation  more  general  than 
the  one  given  In  (4)  may  be  dealt  with, 

(vl)  on  the  effectiveness  of  our  theory  If  the  performance 

Index  «T  depends  on  or  the  space-time  boundary  values  of  u  or  the 

derivatives  of  these  boundary  values  of  ^  ,  or 

(vl 1 )  on  the  problems  of  decoupling  the  systems  (7),  (10)  and 
(11),  and  solving  the  resulting  R1cc*t1-type  Integrodifferentlal  equa- 
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ABSTRACT 

The  CH2NO2  radical  is  used  as  a  nodel  for  first  likely 

reactive  species  in  the  decomposition  of  high  energy  materials  such  as 

TNT  (1 ,3,5' trinitrotoluene)  or  HMX  (octahydro~l,3,5,7“tetianitro- 

1,3,5,7-Tetrazocine*.  Radical  species  can  be  observed  in  an  CSR 

cavity  during  the  inductive  phase  of  decomposition  however  their 

identity  is  not  clearly  established.  Semiempirical ,  single 

configurational,  and  eventually  multiconf igurational  ab  initio 

calculations  were  carried  out  to  determined  the  ground  electronic 

state  and  the  electronic  distribution.  Ab  initio  calculations  based 

on  a  single  configuration  plus  correlation  could  not  distinguish  the 

ground  state.  The  MCSCF  results  indicate  that  the  ground  state  is  a 
2 

planar  A"  state  which  results  from  the  interaction  of  the  planar 
2  2 

B  and  A2  states  that  cross  at  a  common  Cjv  geometry  and 
which  leads  to  a  favorable  asymmetric  distortion  from  Cjv  symmetry 

to  a  lover  C  symmetry.  A  similar  distortion  was  observed  by 

•  2 

Davidson  and  covorkers  for  NO..  The  A"  state  is  14.6  kcal/mol 

2  * 

more  stable  than  the  B.  state  and  19.9  kcal/mol  more  stable  than 

2  1  2 
the  A2  state.  The  staggered  B2  state  which  is  the 

2 

ground  state  is  6.8  kcal/mol  higher  than  A"  state.  The  planar 
^AM  ground  state  has  considerable  spin  density  on  the  carbon  and 
some  on  one  oxygen  in  agreement  with  CSR  results. 

I.  INTRODUCTION: 

The  nitromethyl  radical  has  been  postulated  to  be  invloved  in  a 
number  of  different  phenomena.  In  a  study  of  nitromethy lation  of 
aromatic  compounds  it  was  determined  that  the  radical  had  appreciable 
electrophilic  character.  The  only  products  formed  were  through 

reactions  at  the  carbon  suggesting  that  it  was  the  more  reactive 

Center*  Tnter*«ri*g1  V  in  rh*  if'*'  virh  manoan#**  (Til) 
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and  nitromethane  the  authors*  suggested  that  it  might  be  the  aci 
form  (CH^ONO)  that  underwent  oxidation  followed  by  tautomerization. 

The  radical  could  be  produced  in  the  following  reaction: 

ch3  +  ch3no2  -*•  ch4  +  ch9no2 

which  has  been  suggested^  to  explain  the  appearance  of  methane  as  a 

major  product  in  the  decompost  ion  of  nitromethane.  Once  formed  the 

nitromethyl  radical  is  believed  to  effect  the  thermal  decomposition  of 

3 

nitromethane  in  condensed  phase  systems  .  Such  systems  include 
propellant  ignition  and  explosive  initiation. 

Nitromethyl  radical  may  even  play  a  role  in  the  chemistry  of  the 
upper  troposphere  through  the  degradation  of  nitromethane  formed  from 

A 

the  possible  reaction  of  CH3  and  NO^. 

Very  recently  the  vibrational  spectrum  of  CH2N02  was  reported 
by  Jacox^  who  codeposited  F  atoms  and  nitromethane  in  an  Argon 

matrix  at  14  K  and  analyzed  the  changes  in  the  1R  spectra.  Different 

isotopes  of  nitromethane  were  used  in  the  study  to  help  assign  the 
band!;. 

The  heat  of  formation  of  gaseous  nitromethyl  radical  has  been 

estimated^  to  be  37.3  kcal/ssl. 

The  ESR  spectrum  of  the  nitromethyl  radical  h?s  been  interpreted^  as 
supporting  a  nonplanar  geometry.  However,  the  only  reported 
theoretical  calculation  on  CH2NC>2  was  an  INDO  calculation^  which 
predicted  a  planar  structure. 

The  motivation  for  this  study  was  not  only  to  gain  an 

understanding  of  this  particular  system  as  a  reactive  intermediate, 

but  also  to  view  the  system  as  a  model  for  the  radicals  produced  from 

high  energy  species  such  as  TNT  ( 1 ,3 ,5-trinitrotoulene )  where  radical 
8 

intermediates  as  1  or  2  might  occur. 


1  2 


The  two  valence  structures  which  can  be  written  for  planar 
CH?NO?  are: 
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A  theoretical  study9  on  radicals  of  this  nature  involving 
structures  with  comparable  energies  but  inequivalent  assignments  of 
ir  bonds  and  the  lone  electron  suggest  that  accurate  results  require 
substantial  effort  to  correctly  predict  their  relative  energy.  Indeed 
this  could  be  predicted  by  the  sophisticated  basis  sets  needed^  to 
predict  the  states  of  NOj. 


II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 


The  object  of  this  work  was  to  study  the  types  of  radicals  that 
could  be  generated  by  thermal  or  photolytic  decomposition  of  high 
energy  materials.  Specifically  the  radicals  produced  from 
polynitrated  systems  as  TNT  or  MX.  To  do  this  one  must  determine 
vhich  is  the  most  economical  method  that  will  produce  results  of 
sufficient  quality  or  accuracy  to  answer  the  particular  chemical 
problem.  If  empirical  methods  are  not  suffiently  accurate  and  more 
sophisticated  methods  too  costly,  one  may  ask  if  there  are  trends 
which  could  still  allow  the  empirical  methods  to  be  used  predictively 
with  some  confidence.  The  objectives  of  this  study  were  as  follows: 

(1)  To  study  the  electronic  states  of  the  CH^NO^  radical  with 
the  semiempirical  method  MNDO  to  determine  the  ground  state  and 
electronic  configuration. 

(2)  To  study  the  problem  using  ab  initio  methods  with  geometry 
optimisation  and  correlation. 

(3)  To  determine  the  extent  that  other  configurations  play  in 
determining  the  properties  of  the  electronic  states  by  using  a  KCSCF 
method. 


*. 

S*.%* 


V,*.  ' 
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III.  RESULTS  AND  DISCUSSION: 


& 


& 

t;* 

& 


%V 


The  first  method  used  to  study  the  electronic  states  of 

CHjNOj  was  the  MNDO  method,  a  semiempirical  method  based  on  the 

NDDO  approximation  and  very  successfully  paramatenzed  by  Dewar 
12 

and  Thiel  .  All  calculations  were  carried  out  using  the 
unrestricted  SCF  formalism. 

The  heats  of  formation  and  geometries  for  CL  species  are  given 

.  ZV  2 
m  Table  1.  The  most  stable  state  is  the  planar  B.  followed  very 

2  1 

closely  by  the  staggered  Bj.  These  two  states  simply  correspond 

to  rotation  of  the  singly  occupied  p  orbital  on  carbon.  The  other 

states  were  obtained  by  starting  with  a  bond  order  generated  from  an 

orbital  guess  in  which  selected  orbitals  were  occupied.  During  the 

iteration  to  self  consistency  the  switched  orbital  was  montitored  to 

insure  that  it  remained  occupied.  Unfortunately  in  many  instances  the 

wavefunction  lost  the  initial  C2y  symmetry  and  it  proved  to  be 

impossible  to  obtain  those  states. 

The  planar  A.  solution  was  found  to  be  18.3  kcal/mol  higher 
2  2 

m  energy  than  the  planar  state.  Roughly,  these  two  states 

correspond  to  valence  structures  2  *n<*  The  unrestricted  solution 
obtained  for  2A^  was  characterised  by  three  singly  occupied 


A 

orbitals; 

A 

V 

beta  spin. 

;>• 

The 

intuitively  obvious  but  due  to  the  interaction  of  closely  related 
electronic  state  this  assumption  may  be  wrong.  It  has  previously  been 
noted*0a,b  that  under  certain  conditions  electronic  states  in  C2y 
symmetry  may  mix  by  an  asymmetric  distortion  and  lead  to  a  lower 
energy  in  Cg  symmetry.  The  conditions  which  must  be  met  are: 

1)  the  two  states  in  C2v  symmetry  must  transform  as  the 
same  irreducible  representation  in  the  C#  point  group; 

2)  there  must  be  a  surface  crossing  at  some  nearby  C2v 

(.oattry; 

3)  the  leading  configurations  must  differ  by  only  one  spin 

orbital. 

The  and  states  of  NO^  meet  the  above  conditions 

and  it  is  found^1*^  that  an  asyasnetric  distortion  does  lead  to  a 
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lower  energy. 

If  we  look  at  the  C 2v  point  group  table  we  see  that  the  C2v 
symmetry  can  be  reduced  to  C  by  the  loss  of  the  sigma  (yz)  plane  or 

fi 

the  sigma  (xz)  plane  (5) 


If  the  xz  symmetry  plane  is  lost  then  the  and  states 

transform  as  A"  while  A^  and  B2  states  transform  as  A'.  If  the  yz 
symnetry  plane  is  lost  then  and  B2  transform  as  A”  while  the 
A^  and  B^  transform  as  A1. 

The  MNDO  wavefunctions  were  tested  for  stability  under  C# 
distortions  and  the  results  are  presented  in  Table  2  and  3. 

Table  1  MNDO  Heats  of  Formation  (kcal/mol)  and  Geometries1 
of  CH^NOj  radicals  in  C2y  synmetry 


State 

AH 

CN 

NO 

CH 

ONH 

HCN 

li 

35.2f 

1.676 

1.214 

1.084 

119.3 

118.3 

53.5 

1.416 

1.266 

1.084 

122.3 

119.0 

2b* 

35.6 

1.482 

1.219 

1.082 

119.4 

117.6 

63.1 

1.454 

1.264 

1.084 

121.5 

118.2 

a)  Distances  are  given  in  Angstroms  and  angles  are  given  in  degrees. 

b)  Planar  geometry. 

c)  Staggered  geometry. 

d)  The  ^Aj  state  has  ,  a^,  and  bj  orbitals  singly 

occupied. 

C2y  Symmetry  to  C#  Symmetry 


Clement  of  Symmetry 


syvmtttry  kept 
sigma(yt) 


Sywsetry 

in  C  AH?  AH* 

«  f  f 

ZAm  33. 8C  <1.0  71.0 


66-6 


sigma(xz) 


2A2,  h2  V  33. 8C  (1.8)  d 

2Aj,  2Bx  2A'  d  61.6  (1.5) 

a)  Planar  geometry.  Number  in  parenthesis  refers  to  lowering  in 
kcal/mol  with  respect  to  the  lower  of  the  two  C2V  states. 

b)  Staggered  geometry.  Number  in  parenthesis  refers  to  lowering  in 
kcal/mol  with  respect  to  the  lower  of  the  two  C£y  states. 

c)  The  wavefunction  exhibited  only  symmetry. 

d)  A  distortion  from  symmetry  was  not  energetically  favorable. 

Table  3  MNDO  Geometries3 
of  CH2NO2  radicals  in  C#  symmetry 


Geometry 

AHf 

CN 

NO 

CH 

ONC 

HCN 

Dihedral 

6 

33.8 

1.466 

1.221 

1.083 

120.5 

118.3 

1.227 

1.083 

119.1 

118.5 

7 

61.6 

1.465 

1.268 

1.084 

118.0 

120.2 

72.8 

1.082 

116.4 

8 

71.0 

1.452 

1.226 

1.084 

125.3 

118.0 

88.9 

1.306 

116.6 

a )  When 

two 

values 

for  a 

variable  are 

given 

,  the  first  value 

corresponds  to  the  bond  distance  or  bond  angle  on  the  side  of  the  CN 
bond  denoted  'a'  in  figures  6,  and  8  while  the  second  value 

corresponds  to  the  side  denoted  *b*. 

The  global  minimum  was  a  distorted  planar  structure  6  but  since 

the  wavefunction  did  not  possess  C  symmetry,  the  state  could  not  be 

*  2  2 

definitively  assigned.  Although  the  staggered  A^  and  B^ 
solutions  could  not  be  found,  the  MSi>0  value  of  71.0  kcal/mol  for  the 
heat  of  formation  of  the  distorted  structure  7  ii  1  lover  bound  for 

the  lower  of  the  C2  states.  When  the  sigma  (yz)  plane  of  symretry 

2^2  2 
is  lost  the  A^  and  B  ^  states  interact  and  lead  to  a  A' 

state  8  1.5  kcal/mol  lover  in  energy  than  the  *Aj  slate. 


60-' 


Since  the  relative  energies  of  NO^  and  related  compounds  are 
particularly  sensitive  to  the  basis  set^,  ab  initio  calculations 
were  performed  on  the  Cl^NC^  system  .  Geometries  were 
completely  optimized  within  either  the  C~„  or  C  point  group  using 
the  3-21G  basis  and  single  point  calculations  were  ther  made 
including  correlation  at  the  UMP3  level^*  The  energies  relative  to 
the  staggered  ^  are  presented  in  Table  4,  absolute  energies  in 

Table  5,  and  geometries  in  Table  6.  From  Table  4  one  can  determine 
2  2 

that  the  ^  ~  Bi  (planar)  separations  calculated  at  the 

UHF/3-21G,  UHF/6-31G,  UMP2/6-31C,  and  UMP3/6-31G  are  respectively; 

-17.7,  -4.6,  49.4,  and  31.0  kcal/tnol.  This  compares  to  the 
MNDO  value  of  18.3  kcal/mol  from  Table  1. 


Table  4  Relative  Energies  (kcal/mol)  for  Different  States  of 
CHjNOj  Based  on  Single  Configuration  Calculation 


Planar 

2. 


v 

V 

Stagg.  Aj 


V 


UMP3/6-31C 
24  ~ 
-6.7 

16.5 

5.7 

37.5 

75.4 
110.4 

58.1 

0 

52.5 
18.0 


UMP2/6-31C 

45.1 

-4.3 

29.8 

23.3 

57.9 
87.7 

133.0 

71.6 
0 

73.7 

36.9 


UHF/6-31G 

-12.7 

-8.1 

9.2 

-22.8 

9.0 

58.2 

76.0 

38.6 

0 

15.5 

-14.4 


UHF/3-21G 

-26.5 

-8.8 

0.3 

122.9 

-32.6 

-16.0 

45.4 

53.1 

30.9 

0 

80.7 

0.9 

-24.6 
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Table  5  Total  Energies  (Hartrees)  for  Different  States  of 
CH^IK^  Based  on  Single  Configuration  Calculation 


£ 

State  config. 

Planar 

UMP3/6-31G 

UMP2/6-31G 

UHF/6-31G 

UHF/3-21G 

16/3/2/10 

243.33871 

243.35832 

242.89561 

241.62565 

16/4/2/9 

243.30166 

243.30401 

242.86808 

241.61118 

16/4/1/10 

16/5/1/9 

243.28929 

243.27959 

242.90298 

241.65386 

241.41585 

2> 

26/5 

243.31891 

243.31428 

242.91899 

241.66365 

(  6. 1)C 

2A,d  25/6 

Staggered 

243.26825 

243.25916 

242.86835 

241.63718 

(16.3)c 

16/5/2/8 

243.23547 

243.23744 

242.82115 

241.56241 

\ 

16/4/2/9 

243.32802 

243.35148 

242.88272 

241.61165 

\ 

15/5/2/9 

243.20787 

243.21167 

242.78989 

241.53924 

/1 

16/4/1/10 

16/5/1/9 

243.15204 

243.13955 

242.76159 

241.52701 

241.48298 

2A,,e 

24/7 

243.24441 

243.23404 

242.85805 

241.61020 

(30.0)C 

2A,f 

25/6 

243.29926 

243.29263 

242.90567 

241.65085 

(24.6)c 

a)  The  notation  refers  to  the  number  of  electrons  in  the  a.,  b  , 

2  1  1 

*2>  and  orbitals  respectively.  The  notation  for  A"  and 

2A*  refers  to  the  number  of  electrons  in  a'  and  a"  orbitals 
respectively 

2  2 

b)  Involves  the  interaction  of  planar  states  and  and 

the  loss  of  the  sigma  (xz)  plane  of  symmetry. 

c)  The  number  in  parenthesis  refers  to  the  lowering  in  kcal/mol  with 
respect  to  the  lower  of  the  two  interacting  C2V  states  for  the  3-2 1G 
energies. 

2  2 

d)  Involves  the  interaction  of  planar  states  B2  and  A^  and 

the  loss  of  the  sigma  (xz)  plane  of  s;  nmetry. 

2  2 

e)  Involves  the  interaction  of  staggered  states  B ^  and  A^ 

and  the  loss  of  the  sigma  (xz)  plane  of  symmetry. 

2  2 

f)  Involves  the  interaction  of  staggered  states  B2  and  A;. 

and  the  loss  of  the  sigma  (xz)  plane  of  symmetry. 
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Table  6  Ab  initio  UHF/3-21G  Geometries  of  radicals 

in  C2V  Symmetry  and  the  Spin  Squared  Values  (without  projection) 


State  S2 

CN 

NO 

CH 

ONC 

HCN 

Dihedral 

Planar 

A 

1.59 

1.377 

1.360 

1.065 

122.5 

117.2 

s 

0.79 

1.h08 

1.257 

1.065 

117.1 

116.6 

®2 

1.08 

1.281 

1.369 

1.066 

129.2 

118.3 

A1 

1.80 

1.384 

1.428 

1.064 

138.6 

116.1 

2A"a 

1.47 

1.391 

1.288 

1.065 

124.5 

117.1 

1.362 

1.064 

115.1 

117.1 

Va 

1.37 

1.341 

1.458 

1.065 

115.0 

118.9 

1.284 

1.066 

129.8 

116.5 

Stagg. 

*A 

1.54 

1.336 

1.454 

1.068 

128,4 

117.2 

A 

1.84 

1.425 

1.370 

1.068 

115.2 

116.7 

1.04 

1.413 

1.363 

1.070 

128.2 

117.8 

2b2 

0.76 

1.456 

1.241 

1.067 

117.0 

116.5 

2a1 

1.84 

1.402 

1.419 

1.071 

124.7 

118.0 

2a"c 

1.76 

1.419 

1.472 

1.070 

111.8 

118.7 

90.6 

1.299 

128.9 

2AiC 

1.63 

1.431 

1.319 

1.070 

120.8 

118.0 

96.1 

1.328 

118.7 

a)  See 

Table 

3  and 

Figure  6. 

2 

b)  The  geometries  for  the  two  perpendicular  states  of 
symmetries  differ  in  the  orbital  occupancy.  The  first  entry  was 
obtained  with  3  open  shells,  and  the  second  with  one  open  shell  (see 
text). 

c)  See  Table  3  and  Figure  8. 

The  rotational  barrier  of  planar  ^  to  staggered  2B2  is 

fairly  insensitive  to  the  level  of  calculation  (7-9  kcal/mol).  The 

2  2 

rotational  barrier  of  planar  A2  to  staggered  A2  is  also 

inaenstive  to  correlation  if  the  same  configuration  is  used.  The 
barrier  at  the  UHF/6-31G  level  is  79.6  kcal/mol  compared  to  86.1 
kcal/mol  at  the  UMP3/6-31G  level.  The  high  barrier  reflects  the 
multiple  bond  character  of  the  C-N  bond.  At  the 
single  determinant  level,  however,  the  (8a*2b|5b2J la^  configuration 
leads  to  a  higher  energy  than  the  (7a22b2la24b2)8a*3b|5b2  configuration*6. 
The  energy  difference  between  the  two  solutions  varied  from  10-30 
kcal/mol  depending  on  level  of  calculation  (see  Table  4). 
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2 

Of  course  the  true  staggered  state  will  be  some  linear 

combination  of  these  two  states  plus  other  configurations  of  the 
correct  symmetry.  The  proper  treatment  of  such  states  must  be  based 
on  either  an  MCSCF  approach  or  a  full  configuration  interaction 
approach. 

,  2 
As  seen  in  Table  6  the  CN  bond  length  of  the  planar 

2  A 

states  elongates  0.05  A  upon  twisting  to  the  staggered 

state.  This  suggests  that  the  6.7  kcal/mol  required  for  rotation 

(UMP3/6-31G)  may  be  due  either  to  elimination  of  conjugation  in  the 

planar  structure  or  increased  repulsion  of  the  electron  in  the  singly 

occupied  orbital  with  the  oxygen  atoms  in  the  staggered  structure. 

It  must  be  remembered  that  this  is  not  an  electronic  transition 

between  states  but  rather  a  conformational  change.  The  states 

2  2 

B^  and  B^  are  antisymmetric  with  respect  to  rotation 

while  A j  state  is  symmetric. 

Z  2  2 
In  the  former  case  a  rotation  will  split  the  F.  and  B_ 

2  2  L  i 

planar  states  into  1  A"  and  2  A"  which  may  interact.  The  rotation 

continues  until  at  180  degrees  the  states  become  noninteracting  with 

new  designations  of  B^  and  B^.  The  interaction  could  lead 

to  a  weak  minimum  for  the  lower  state  or  a  slight  maximum  in  the 

higher  state.  However  .n  this  paper  rotational  barrier  refers  to  the 

2 

energy  difference  in  the  two  C2v  electronic  states.  For  A2 

«  2  2 
rotation  the  same  applies  to  the  interaction  of  A.  and  A.  as 

2  2  i  i 

1  A1  and  2  A'.  In  this  case  the  energy  separation  between  the  two 

states  makes  mixing  unlikely. 

2 

The  shortest  CN  bond  occurs  in  the  planar  B.  state,  0.10  A 

2  1 

shorter  than  the  CN  bond  in  the  planar  A^  state  4  whose  valence 

structure  can  be  drawn  with  a  double  bond.  The  shorter  CN  bond  is  due 

to  removing  an  electron  (with  respect  to  the  ^  configuration) 

from  the  CN  antibonding  5b2  orbital  and  putting  it  in  the  CN  bonding 

laj  orbital.  The  loss  of  a  electron  from  the  5b2  orbital  also 

causes  the  CNO  bond  angle  to  increase  about  6  degrees  when  compared  to 
2 

the  planar  Aj  geometry. 

The  spin  squared  values  for  the  3-21G  wavefunctions  are  given  in 

Table  6.  The  only  states  which  approach  the  ideal  0.73  value  (S(S+1)) 

2  2 
are  the  planar  state  and  the  staggered  B2  state.  In 

these  states  the  extra  alpha  spin  electron  is  almost  completely 


localized  in  a  p  orbital  perpendicular  to  the  CH^  plane.  The  other 
states  indicate  a  large  amount  of  spin  polarization  where  alpha  and 
beta  spins  localize  in  different  regions  of  the  molecule.  This  gives 
some  indication  that  a  restricted  program  must  use  additional 
configurations  to  achieve  the  same  result. 

It  was  found  that  the  3-2 1G  optimized  geometries  are  unstable 
with  respect  to  distortions  from  C^.  The  results  are  also 
presented  in  Table  4,  5,  and  6.  The  distortions  and  energy  changes 
are  larger  than  found  for  MNDO.  Whe«  correlation  is  used  the 
distortion  becomes  unfavorable. 

A  perturbational  correlation  treatment  such  as  the  UMP3  method 
becomes  ineffective  when  the  single  Hartree-Fock  configuration  is  not 
the  dominant  configuration  in  the  wave fui. :t ion.  Since  it  is  known 
that  there  are  several  configurations  of  the  same  symmetry  and  of 
comparable  energy,  a  MCSCF  treatment  was  used  to  continue  the  study. 
The  program  ALISa/  developed  by  Klaus  Ruedenberg  and  coworkers  and 
sponsored  by  the  U.S.  Department  of  Energy  was  used  to  determined 
MCSCF  energies  and  wavefunctions. 

In  order  to  'feel  out'  the  potential  surface  and  determine  which 

configurations  were  important  for  the  different  states  MCSCF 

18 

calculations  were  made  using  a  ST0-3C  basis  .  In  all  calculations 

19 

reported  below  the  3-2 1G  geometries  were  used  .  It  was  later 
confirmed  that  the  largest  contribution  to  the  wavefunction  was  the 
configuration  used  to  generate  the  geometry.  It  can  be  argued  that 
using  geometries  optimized  with  a  single  configuration  might  'favor' 
that  configuration  in  a  MCSCF  scheme,  however  the  extra  expense  of 
optimizing  at  this  level  was  not  feasible.  MCSCF  calculations  were 
performed  on  the  two  staggered  states  obtained  at  the  3-2 1G 

level  (vide  supra)  using  different  configurations.  For  the  geometry 
obtained  with  3  open  shells,  the  leading  contribution  (one  space 
orbital  with  two  spin  functions)  also  contained  the  3  open  shells 
(a^,  b^,  b^)  and  accounted  for  63Z  of  the  wavefunction.  For  the 

geometry  obtained  with  one  open  shell  (a j),  th"  same  configuration 
accounted  for  491  of  the  wavefunction. 

The  steps  taken  to  obtain  the  MCSCF  energy^  are  given  below. 
An  initial  guess  of  orbitals  is  made  by  doing  a  restricted  open  shell 
calculation.  For  the  ST0-3G  basis  the  energy  normally  converged  but 


wV 

tv 


•v: 
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for  the  6-31G  basis  the  energy  diverged.  In  the  latter  case  it  was 
necessary  to  stop  the  SCF  at  the  point  of  divergence  and  orbital 
improvement  was  made  at  the  expense  of  extra  MCSCF  microiterations. 
Next  a  limited  MCSCF  was  performed  with  a  few  intuitive 

configurations.  Using  this  wavefunction  a  Cl  in  a  larger  space 
(approximately  500  Spin  Adapted  Antisymmeterized  Products)  was  made  to 
determine  which  configurations  made  substantial  contributions  to  the 
wavefunction.  These  configurations  were  then  used  in  another  MCSCF 
calculation  with  the  Cl  orbitals  as  the  initial  guess.  The  process 
was  repeated  until  the  MCSCF  and  Cl  had  the  same  dominant 

configurations  and  until  no  configuration  in  the  Cl  which  was  not 

included  in  the  MCSCF  contributed  1Z  or  more  to  the  wavefunction.  The 
final  MCSCF  was  carried  out  with  between  5  and  11  spin  adapted 
configurations.  This  provides  an  approximation  to  the  full  500 

configuration  MCSCF  as  the  most  important  configurations  have  been 
iteratively  selected. 

The  MCSCF/STO-3G  results  are  presented  in  Table  7.  The  first 
column  represents  the  restricted  open  shell  energies  whiic  the  second 
column  gives  the  MCSCF  energy  with  the  number  of  configurations  in 
parenthesis  and  the  per  cent  contribution  of  the  most  important 
configuration.  The  third  column  gives  the  Cl  energy  with  the  number 
of  spin  adapted  configurations  in  parenthesis  (8  orbitals  and  7 
electrons  in  C2V  symmetry).  It  has  been  pointed  out  that  in  some 
cases  carrying  out  a  calculation  in  Cjv  symmetry  may  lead  to  a 
higher  energy  than  if  only  Cg  symmetry  were  used,  but  in  the 
calculations****^  for  it  was  found  that  the  C^v  solution  was 

the  same  as  the  Cg  solution.  For  this  reason  plus  economics,  the 
C2V  point  group  was  used  when  possible. 

Relative  energies  are  presented  in  Table  9.  In  contrast  to  MNDO 

and  ab  initio  results,  the  planar  *A,  state  is  predicted  to  be  the 

1  2 

most  stable  of  the  C2V  states  followed  by  the  planar  B^  state 

8.0  keal/mol  higher.  The  rotational  barrier  for  the  B.  to 

2  1 
Bg  conformational  change  is  18.6  keal/mol,  considerablely  higher 

than  the  MNDO  (0.4  keal/mol)  or  the  UHP3/6-31G  (6.7  kcal/moli 

barrier.  The  barrier  for  the  rotation  of  the  state  (45.1 

keal/mol)  ia  larger  than  the  UHP3/6-31G  value  (51.1  keal/mol). 


Table  7  Total  Energies  for  Different  States  of 
CH2N02  Based  on  Multicoui igurational  ST0-3G  Wavefunction 


State 

RSCF 

MCSCF 

#conf 

xa 

Cl  #conf. 

xb 

o 

Planar 

239.7296 

239.79270 

(4) 

239.86545  (582) 

112 

239.88456 

(6) 

65Z 

239.90642  (582) 

< 

IX 

\ 

239.7699 

239.86848 

(6) 

81X 

239.89358  (588) 

< 

IX 

\ 

239.7512 

239.82680 

(5) 

87X 

239.83138  (594) 

6Z 

239.84988 

(9) 

239.85617  (594) 

< 

IX 

Stagg.  2A2 

239.5864 

239.79005 

(8) 

52Z 

239.79205  (584) 

< 

IX 

No  SCF 

239.73403 

(7) 

239.79018  (588) 

6Z 

239.81702 

(11) 

30X 

239.82255  (588) 

< 

IX 

\ 

239.7633 

239.85302 

(5) 

83X 

239.86399  (594) 

< 

IX 

a)  Largest 

contribution  from  a 

single 

configuration  in 

the  MCSCF 

wave function. 

b)  Largest  contribution  from  a  single  configuration  in  the  Cl  which  was 
not  optimised  in  the  MCSCF  wavefunction. 

The  ST0-3G  minimal  basis  set  is  known  to  be  inferior  to  the  near 

double  seta  quality  6-31G  basis  set**.  For  this  reason  the 

calculations  were  repeated  with  the  larger  basis  set.  It  was  felt  that 

most  of  the  important  configurations  would  already  be  identified  from 

the  STO-3G  basis  allowing  rapid  convergence  to  the  most  important 

configurations  in  the  expanded  basis. 

The  absolute  energies  for  the  MCSCF/6-31G  calculations  are 

presented  in  Table  8  and  the  relative  energies  are  presented  in  Table 

9.  The  restricted  open  shell  energies  are  not  given  as  the  SCF 

diverged.  The  percent  contribution  of  the  single  largest  contributing 

configuration  clearly  indicates  that  a  single  determinant  cannot  be 

2  2 

adequate.  The  planar  and  staggered  B2  states  have  one 

configuration  comprising  approximately 

Table  8  Total  Energies  for  Different  States  of 

0R  Multiconfigurational  6-31G  Wavefunction 

State  MCSCF  #conf.  X*  Cl  #conf.  Zb 

Planar  ^  242.86061  (6)  242.89866  (582)  leas  IX 

242.9238  (8)  73X  242.94688  (582)  less  IX 
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2b? 


2ai 

2  2 
2A" 


Stagg.  \ 


V 


wave function. 


242.8978 

(7) 

242.90731 

(588) 

1Z 

242.94927 

(7) 

89X 

242.95541 

(588) 

1Z 

« v  \ 

242.86 

(5) 

242.90560 

(594) 

1Z 

.*>v 

242.92690 

(8) 

9 IX 

242.94086 

(594) 

1Z 

242.92308 

(7) 

81X 

242.92988 

(588) 

1Z 

>Sv 

242.90617 

(8) 

70Z 

242.92207 

(582) 

1Z 

-v*. 

242.92 

(7) 

242.92671 

(  68) 

8Z 

242.93088 

(8) 

242.95703 

(1176) 

1Z 

irt 

242.96236 

(8) 

90Z 

242.97867 

(1176) 

<  1Z 

242.6 

(6) 

242.62593 

(584) 

34Z 

•‘S'S 

—  «  mrn 

242.80496 

(7) 

742. 81163 

(584) 

3X 

242.80498 

(9) 

24Z 

242.81155 

(584) 

1Z 

p m 

242.8238 

(9) 

242.83152 

(584) 

1Z  ’ 

Is*?- 

242.82383 

(9) 

52Z 

242.83165 

(584) 

1Z 

••  V 

242.84862 

(11) 

242.86150 

(588) 

1Z 

*,  ^ 

242.84806 

(11) 

49Z 

242.86847 

(588) 

1Z 

242.93351 

(5) 

90X 

242.96780 

(594) 

1Z 

a* 

contribution  from  a 

aingle  configuration  in  the  MCSCF 

.*•  a  . 
V.v 

.  •  •  • 

contribution  from 

a  aingle  configuration 

in  the  Cl  which 

waa  not  optimised  in  the  MCSCF  wave function. 


c)  The  ^  calculation  waa  at  the  2A2  geoaetry  and  the 


2.2 

A2  calcuation  waa  at  the  geonetry(aee  text). 


Table  9  Relative  Energiea  (kcal/wol)  for  Different  Statea  of 
CH2N02  Baaed  on  HCSCF/ST0-3G  and  MCSCF/6-31G 


Planar  A- 
2 


,*■ 

>1’- 


Stagg.  A- 

;? 

»2 


HCSCF/STO-3G 

♦Cl 

MCSCF/6-31C 

♦Cl 

-19.8 

-26.6 

6.1 

13.1 

-9.7 

-18.6 

-9.9 

7.8 

2.0 

4.9 

4.1 

16.9 

-18.1 

-6.8 

39.5 

45.1 

80.6 

98.0 

68.8 

85.4 

22.6 

46.3 

53.6 

62.3 

0 

0 

0 

0 

:v:- 


/.u, 


ter 
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902  of  the  wavefunction.  These  corresponds  to  one  electron  in  a  p 

orbital  perpendicular  to  the  CH9  plane  and  are  the  same  states  that 
2  z 

produced  'normal*  S  values.  Even  for  these  two  states  the  orbitals 
occupations  shoved  a  significant  population  of  a  'virtual'  orbital. 
In  Figure  8  and  9  the  nonbonding  oxygen  b£  orbital  contained  1.8 
electrons  while  the  antibonding  (bonding  across  oxygen)  contained  0.2 
electrons. 


This  suggests  that  there  may  be  some  stablization  through  pi  overlap 
of  the  oxygen  p  orbitals. 

The  MCSCF/6-31G  plus  Cl  lead  to  a  predicted  staggered 

^2v  8roun<*  state  for  the  nitromethyl  radical.  This  is  different 

2 

from  each  of  the  previous  methods.  The  planar  B.  state  is  7.8 

2  * 

kcal/mol  less  stable  and  the  planar  A?  state  is  13.1  kcal/mol 

2  1  2 

above  the  staggered  Bj  state.  The  difference  between  the 

states  is  72.3  kcal/mol  which  is  almost  identical  to  the  ST0-3G 

difference  and  greater  than  that  predicted  by  UHP3/6-31G. 

The  relative  energies  have  not  converged  with  respect  to 

increasing  the  sophistication  of  the  basis  set.  Therefore  it  is 

premature  to  give  the  definitive  electronic  state  ordering.  In 

particular  polarisation  functions  as  well  as  a  more  complete  Cl  may 

make  significant  contributions  to  the  relative  energies. 

Another  possible  influence  on  relative  energies  could  be 

distortions  from  C^.  This  was  found  to  be  favorable  in  the  MNDO 

approximation  and  at  the  UHF/3-21G  and  UKF/6-31G  levels  (though  not  at 

the  UMP2/6-31G  or  UMP3/6-31G  levels).  In  order  to  see  if  the  planar 
2  2 

Aj  and  Bj  states  might  interact  upon  loss  of  the  sigma  (xs) 

plane  (vide  supra),  MCSCF  calculations  were  carried  out  on  the  planar 

2  2  2 
h  state  at  the  B^  geometry  and  on  the  B^  state  at  the 

^2  geometry.  The  results  shown  in  Figure  10  (see  Table  8  for 

absolute  energies)  indicate  that  a  crossing  must  occur  somewhere 

between  the  two  geometries  along  a  C,y  reaction  coordinate. 

A  MCSCF  calculation  was  carried  out  on  the  distorted  C2y 
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geometry  optimised  with  the  UHF/3-21G  basis  (see  Table  6).  The 

results  given  in  Table  8  and  9  indicate  that  the  distortion  is 

2 

favorable  and  yields  a  A"  state  14.6  kcal/mol  more  stable  than  the 
2 

planar  B.  state.  This  is  6.8  kcal/mol  more  stable  than  the 

a2 

staggered  Bj  and  thus  becomes  the  ground  state.  It  would  be 

important  to  precisely  determine  the  C#  minimum  before  structural 
predictions  are  made  as  the  UHF/3-21G  optimised  geometry  may  not  be 
accurate,  but  it  is  felt  that  such  optimisation  would  not 

qualitatively  change  this  result. 


kcal/mol 


t 


Energy 


Figure  10.  Illustration  of  C^y  Energy  Crossing  with  the  MCSCF 
calculations  at  the  four  labeled  points. 


IV.  RECOMMENDATIONS : 


On  the  basis  of  the  above  study  the  following  recommendations  can 

be  made: 

(1)  That  single  determinant  methods  for  the  nitromethyl  radical  may 
neglect  important  contributions  to  the  vavefunction  and  must  be  used 
with  soma  caution  in  making  structural  and  energetic  predictions. 

(2)  That  semi-empirical  and  ab  initio  methods  provide  similar 
qualitative  predictions,  however  it  is  more  difficult  to  obtain 
different  electronic  states  with  the  MNDO  method. 

(3)  That  distortions  from  C^y  symmetry  must  be  considered  when 
states  differing  by  only  one  spin  orbital  cross  at  some  Cjy  geometry. 

(4)  That  unrestricted  ab  initio  results  without  correlation  probably 
overestimate  such  distortions. 


(5)  That  a  similar  study  be  undertaken  at  the  ab  initio  level  for  the 
radicals  derived  from  1-Nitropropene  which  may  be  a  more  realistic 
model  for  the  radicals  produced  from  TNT. 

(6)  That  in  order  to  study  the  decomposition  mechanism  tor 
nitrone thane  the  reaction  pathway  from  the  nitromethyl  radical  to 
CH2  plus  NO2  and  to  C^O  plus  NO  be  studied. 
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ABSTRACT 

An  Investigation  vas  cade  of  the  aechanical/acoustic  vibration 
sources  of  the  large  (X/35)  RMS  surface  errors  in  10  in.  bean 
wavefronts  iseasured  with  the  AFWL/ARAA  heterodyne  holographic  inter¬ 
ferometer,  wavefront  sensor  (HET)  system.  Seismometer,  etc.  vibration 
sensor  measurements,  HET  optical  system  aeasureaents  and  a  simple 
undamped  resonant  frequency  analysis  were  used  to  Identify  the 
aetachsd  acoustic/wind  screen  as  a  significant  local  "source"  of  nomi¬ 
nal  30  and  40  Hz,  pitch  and  yaw  vibratory  modulations  of  the  HET  opti¬ 
cal  beau.  Supporting  studies  relevant:  (a)  rigid  body  aotlon  of  the 
RET  optical  table  systea,  (b)  flexural  and  torsional  aotlon  of  HET 
optical  table,  and  (c)  impact  of  vibrating  motion  on  differential 
hologram  fringe  modulation  function  were  performed  and  are  also 
discussed  in  this  report. 
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EXECUTIVE  SUMMARY 


Consistently  large  aechanlcal/acoustic  vibration  induced  RMS 
deviations  (X/35)  in  10  in.  beam  wavefronts  have  been  measured  through 
late  Spring  198.'i  with  the  AFWL/ARAA  heterodyne  holographic  inter¬ 
ferometer,  wavefront  sensor  (HET)  system.  These  large  wavefront  surface 
measurement  errors  motivated  an  investigation  of  the  sources  of  these 
mechanical/acoustic  vibrations  and  work  to  eliminate/minimize  their 
Impact  on  HET  wavefront  sensor  performance.  Measurements  were  made  of 
the  RMS  acceleration  level  spectra  at  several  locations  on  the  floor  in 
the  HET  lab  and  on  the  HET  optical  table  with  the  acoustlc/wlnd  screen 
In  place  -  i.e.,  mechanically  attached  to  the  table.  These  spectra 
showed  two  very  significant  local  peaks  in  the  vibration  levels  at 
nominal  frequencies  of  30  and  40  Hz.  Independent  spectral  decom¬ 
positions  of  the  vertical  and  horizontal,  two-point  relative  phase 
measurements  made  with  the  HET  system  indicate  that  these  30  and  40  Hz 
frequencies  correspond  to  pitch  and  yaw  vibratory  modulations,  respec¬ 
tively,  of  the  HET  (reference  and  object)  optical  beams,  k  simple  anal¬ 
ysis  (using  nominal  mass  and  stiffness  values)  made  of  the  motion  of 


the  top  member  of  the  acoustic/wind  screen  with  respect  to  the  optical 
table  gave  translational  (correspond  to  pitch,  roll  optical  beam 
modulations)  and  yaw  natural  resonance  frequencies  of  29.03  Hz  and  40.81 
Hz,  respectively.  The  close  agreement  between  the  analysis  and  measured 
RMS  spectra  results  Indicated  that  the  acoustic/wind  screen,  when 
attached  to  the  optical  table,  Is  a  significant  local  "source"  of  vibra¬ 
tory  motion  and  hence  relative  optical  beam  modulations  which  degrade 
the  wavefront  sensor  performance  of  the  HET  system.  Removal  of  the 
acoustlc/wlnd  screen  gave  significant  reduction  of  these  30,  40  Hz 
vibration  noise  components  for  seismometer  locations  on  the  optical 
table.  Use  of  a  system  of  floor  to  celling  curtains  reduced  the  large- 
scale  (>  X/4)  random,  low-frequency  (0  to  2.5  Hz)  oscillations— Induced 
by  random  air  movements  and  turbulence— which  degraded  HET  system  per¬ 
formance  without  the  wind  screen  In  place.  Here  ten-inch  beam  RMS 
wavefront  surface  errors  were  reduced  to  X/60  with  the  curtains.  In 
support  of  the  above  described  measurement  and  analysis  program,  work  was 
also  done  In  three  areas:  (1)  Rigid-body,  time-domain  analysis  of  the 
rnotloo  of  the  HET  optical  table,  etc;  (2)  Tabulation  of  normalized, 
approximate- flexural  and  torsional  frequencies  for  various  free,  plnned- 
coraer  and  Intermediate  support  leg  conditions;  (3)  Impact  of  vibratory 
motion  on  differential  hologram  fringe  modulation  function.  Based  upon 
this  work  and  the  results  of  the  measurement  and  analysis  program, 
recommendations  are  made  to  further  reduce  or  eliminate  mechanical/ 
acoustic  vlbratloj  Induced  problems  with  the  HET  system. 
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I.  INTRODUCTION 


The  AFWL/ARAA  heterodyne  holographic  interferometer  (HET)  system 
is  an  extremely  sensitive  optical  wavefront  sensor  system.  The  HET 
can  operate  in  either  a  conventional  hologram-interferometer  or  a 
heterodyning  hologram-interferometer  mode*  In  the  conventional  mode 
both  the  reference  and  object  optical  beams  are  at  the  same  frequency. 
In  the  heterodyning  mode  the  HET  uses  a  constant  625  KHz  frequency 
difference  between  the  reference  and  the  object  beams  in  a  hetero¬ 
dyning,  frequency-modulation  sense.  Here  the  optical  result  is  used 
to  define  the  differential  holographic  fringes  (difference  between 
specified  reference  and  desired  wavefront  surfaces)  characterizing  the 
spatial  distortion  of  a  nominal  10  in.  diameter  wavefront  image  of  the 
transverse  distortion  of  a  static  or  a  vibrating  surface.  The  10  in. 
diameter  wavefront  size  is  a  nominal  design  value  for  the  HET  system. 

It  can  be  varied  from  1  in.  to  16  in*  by  suitable  choice  of  the  beam 
expander  lenses  in  the  optical  beam  paths.  Figure  1  gives  a  block 
diagram  representation  of  the  optical  path  components  comprising  the 
HET  wavefront  sensor  system. 

The  HET  system  is  mounted  on  an  optical  bench  which  is  presently 
supported  by  six  vibration  Isolation  support  mounts  or  legs.  It  ori¬ 
ginally  (through  1  August  1983)  was  covered  by  an  attached  acoustic/ 
wind  screen  to  minimize  the  effects  of  ranuom  air  movements  and  tur¬ 
bulence  upon  the  performance  of  the  HET  system.  Figure  2  depicts 
this  HET  configuration. 

Significant  mechanical  and/or  acoustic  vibration  level  problems 
have  been  observed  with  the  HET  configuration  in  its  present  laboratory 
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Fig.  I 

H£T  OPTICAL  TA&UZ  PLUS  ATTACHED  At OWr/c/wwO 
Screen  t  laser  support  table  ^  \zt  rrat/on  igolat/om 
Support  etc.  Svstem  con e > c^uratidn 


location  In  Che  center  of  the  first  floor  of  Building  413  at 
AFWL/AHAA*  This  location  may  be  a  vibration  antinode  in  an  office 
building  which  was  neither  structurally  nor  acoustically  designed  to 
house  high  precision  optical  measurement  laboratories* 

The  mechanical  and  acoustic  vibration  problems  referred  to  above 
manifest  themselves  in  real  time  as  vibrating  differential  hologram, 
interferometer  fringe  patterns  in  the  image  formed  of  the  transverse 
distortion  of  an  Illuminated  object /wavefront  surface.  That  is,  the 
vibrations  can  cause  modulations  in  the  relative  phase  between  the 
object  and  reference  beams.  After  electronic  detection  at  spatially 
discrete  sampling  locations  and  Zernlcke  orthogonal-modal-baa is- 
f unction,  least  squares  fit  to  the  deformed  surface,  consistently 
large  RMS  deviations  (X/35,  X  -  S143  A)  have  been  found  in  the  10  in. 
optical  beam  wavefronts  through  late  Spring  1983.  These  large  wavefront 
surface  measurement  errors  as  compared  to  an  apparently  obtainable 
(1/200  to  X/75),  have  motivated  the  measurement  and  analysis  work 
described  in  this  report.  The  primary  effort  in  this  work  consisted 
of  am  investigation  of  the  sources  of  unwanted  mechanlcal/acoustlc 
vibrations  and  of  system  modifications  to  ellmlnste/mlnimlse  their 
impact  on  HBT  wavefront  sensor  performance.  In  support  of  the  primary 
effort  work  was  also  accomplished  in  the  following  three  areas: 

•  Rigid- body,  undamped  resonant  frequency  and  time-domain  analyses 
of  the  motion  of  the  HET  optical  table,  etc. 

•  Calculation  of  normalised,  approximate-flexural  and  torsional 
frequencies  of  optical  table  for  various  free,  plnned-corner  and 
intermediate  support  leg  conditions. 


•  Impact  of  vibrating  motion  on  differential  hologram  fringe  modu- 
latlon  function. 

The  remainder  of  this  report  is  organized  as  follows.  First, 
the  objectives  of  the  research  project  are  stated.  Next  the  experi¬ 
mental  and  analytical  Investigations  of  the  sources  of  mechanical,  etc. 
vibration  are  described  and  their  results  discussed.  This  is  followed 
by  sections  describing  modifications  to  the  HET  optical  table  con¬ 
figuration  and  the  results  of  these  modifications.  Next  the  work  in 
the  three  supporting  areas  are  described.  Their  supporting  analysis 
and  results  can  be  found  in  the  Report  Appendices.  Conclusions  are 
then  made  regarding  the  investigation  of  vibration  sources  and  modifi¬ 
cations  tried  to  Improve  HET  system  performance,  as  well  as  the 
related  support  area  work.  Recommendations  are  made  to  further 
improve  HET  wavefront  sensor  performance  at  the  end  of  the  body  of  the 
report. 

II.  OBJECTIVES 

The  primary  objective  of  this  research  project  has  been  to 
investigate  sources  of  mechanical  and  acoustically  coupled  vibrations 
(possibly  parametric)  te  a  heterodyne,  holographic  Interferometer, 
optical  wavefront  sensor  (HET)  system.  This  investigation  was  made  using: 

•  Limited  number  of  available  seismometers  and  accelerometers  to 
measure  velocity  and  acceleration  levels  on  the  floor  In  the  HET 
lab  and  on  the  optical  table. 

•  HET  system  Itself  to  obtain  horizontal  and  vertical,  two-point, 
relative  phase  measurements  corresponding  to  yaw  and  pitch  vibra¬ 
tory  modulations,  respectively,  of  the  HET  optical  beams. 


67-10 


•  Simple  resonant  frequency  analyses  of  the  relative  (to  optical 
table)  motion  of  the  acoustic/wind  screen  and  the  laser  support 
table. 

•  Limited  time-domain  computer  modeling,  analyses  of  rigid  body 
motion  of  HET  optical  table,  etc.  system  designs. 

•  Idealized  temporal  filtering  of  holograms  consideration  of  the 
Impact  of  vibratory  motion  upon  vavefront  sensor  fringe  modula¬ 
tion  function. 

Baaed  upon  the  experimental  and  the  computer,  etc.  analyses  of  the 
vibration  problema;  techniques  and/or  design  aodiflcations  were  to  be 
recommended  and,  if  possible,  developed  and  actually  tried  out  in  the 
HET  lab.  Target  goals  of  this  vibration  level  reduction  work  were 
vibration  levels  permitting  10  in.  beam  vavefront  Interferometer 
system  accuracy  of  <  X/75  (l.e.,  MS  wavefront  surface  errors  <  X/75 
with  X  -  5145  A). 

lH.  HET  FLOS  ACCBLEKOHETEI,  ETC.  SEMSOR-HEASUMMENT 

AMD  DATA  AgALTSIS  INVESTIGATION  Of  VIBIATION  PROBLEMS 

III. I  FAMILIAII2ATI0M  WITH  HET  STSTW 

A  review  was  made  of  the  relevant  optics  and  of  the  laser  and 
optical  path  system  components  comprising  the  HET  system  (Refs.  1-8). 
As  indicated  in  the  introduction.  Figure  l  schematically  depicts  the 
component  lineup  and  the  optica1,  path  signal  flow  in  the  present  HET 
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TABLE  I  Sources  of  Unwanted  Noise 


•  Seismic/Structural  Floor  Vibration 

•  Acoustic  Pressure  Radiation  Via  Air  Path  (Fluldborne;  Fluidbome, 
Structureborne) 

•  Acousto-optical  Interaction  Coupling 

•  Flow  Inoucad  Vibration  Using  Water  Cooling  for  Laser  (Monitor 
Transition,  Mid  and  Laser  Output  Bean  Sections  of  Flow-Line  on  Laser) 

•  Flow  Induced  Plasma  Fluctuation  and  Bean  Modal  Drift 

•  Optical  Separation  of  p,7  Polarization  Beams 

•  Electrical  Line/Electronic  Recording  Processing  and  Radiation 

•  Laser-Detector  Shot  Noise  <->  System  Optical  Gain  Figures 


systea.  In  addition,  the  data  collection  electronics  system  and  the 
heterodyning  holographic  interferoaetry/signal  processing  principles 
upon  which  the  HET  system  is  based  were  also  reviewed  (Refs.  4,  9*12). 

Relevant  all  aspects  of  noise  degrading  HET  wavefront  sensor 
perforaance,  the  optical  bench  or  table,  etc.  plus  the  vibration  Isola¬ 
tion  legs  and  the  coaplete  optlcr.l  path/optical,  etc.  coaponent  lineup 
in  the  HET  were  considered.  This  was  done  to  place  the  aechanlcal/ 
acoustic  vibration  probleas  in  context  with  respect  to  other  noise 
sources  and  to  obtain  an  indication  of  the  potential  noise  floor  — 
i.e.,  best  wavefront  sensor  perforaance  possible  with  the  HET  systea. 
Table  l  suaaarlses  the  five  aechanlcal/acoustic  and  the  three* 
laser/optical  polarisation/detector  —  potential  sources  or  aechanlsas 
of  unwanted  noise  which  were  identified. 

Newport  Research  Corporation  was  contacted  relevant  the  design  and 
dyaaalc  aechanlcal  response  details  of  the  optical  bench,  the  attached 
acoustic  screen,  the  bottoa  aounted  laser  bench,  and  the  vibration  iso* 
lation  leg  support  systea  (Refs.  13,14).  This  was  done  to  gala  further 
insight  froa  the  equipaent  aeaufacturer  into  the  aechanlcal/acoustic 
vibration  frequencies  and  node  shapes  possible  in  the  HET  optical  table 
design.  KRC  indicated  that  the  firct  free*free  flexural  bending  and 
torsional  resonance  frequencies  should  be  approxlaately  100  and  170  Hx, 
respectively  for  the  HIT’S  12  ft  x  4  ft  x  1.5  ft  optical  table  in  an 
unloaded  condition.  Nominal  vertical  and  transverse  stiffnesses  of  64 
lbg/ln  and  125  to  150  lb^/ln  were  indicated  for  each  of  the  six  pneuma¬ 
tic,  vibration  Isolation  mount  support  legs  .  *  frequencies  around  l  Hx. 


It  was  also  Indicated  these  stiffnesses  are  frequency  dependent* 
That  is,  above  I  Hz  these  stiffnesses  are  somewhat  less  than 
(nominal  50  to  60Z  of)  the  1  Hz  values.  Vertical  and  transverse 
damping  values  vers  unavailable.  They  can,  however,  be  inferred  from 
the  frequency  response  results  given  in  the  equipment  catalog  (Ref.  13) 

III. 2  HET  INTERFEROMETER  PLUS  ACCELERATION,  ETC.  SENSOR  MEASUREMENTS 

Initially  a  complete  set  of  measurements  were  defined  to  be  taken, 
up  to  six  channels  at  a  time,  digitized  and  transferred  from  the  HET 
system's  Data  Ceneral  Computer  to  the  online  user  disk  pack  of  the 
PDP-11/24.  This  plan  called  for  an  assortment  of  single  axis  and 
trlaxlal  accelerometers  to  be  located 

1)  On  the  floor  la  the  HET  Lab  room. 

2)  At  the  laser  coolant  system  inlet  and  at  the  end  of  the 
coolant  line  after  transition  to  (turbulent)  steady-state 
flow. 

3)  At  the  four  corners  and  1/2,  1/4  points  along  the  length, 
width  of  the  top  of  the  HET  optical  table. 

4)  On  the  aeoustle/vlnd  screen — i.e.,  at  the  corners  and  at  the 
1/2,  1/4  points  along  Its  length  and  width  edges. 

5)  On  the  User  support  bench — i.e.,  at  the  corners  and  1/2 
points  al^ng  its  length  edges. 

In  addition,  two  acoustic  microphones,  if  available,  were  to  be 
placed  at  varying  loctlons  both  inside  and  outside  of  the  wind  screen 


enclosure.  The  HET  system  Itself  was  also  to  be  used  to  obtain 
simultaneous,  two-point  relative-phase  modulation  measurements  and 
corresponding  time  (not  simultaneous),  HET  maps  with  RMS  error  results. 

After  canvassing  AFWL  re-availability  of  triaxlal  and  single  axis 
accelerometers,  the  author  found  three  ENDEVCO  2262C-25  plezoreslstlve 
accelerometers  plus  corresponding  amplifier /signal  condition  cards 
(AFVL/NTDE)  and  three  Geo  Space  HS-10-1  seismometers  (AFWL/NTDE) 

(Refs.  15,16).  In  addition,  two  PCB  303A02  piezotronlcs  accelerome¬ 
ters  and  amplifier/signal  conditioning  systems  were  borrowed  from  the 
M.  R.  Department  at  Texas  Tech  (Ref.  17).  AFWL/ARLB  which  performs  a 
vibration  measurement  and  analysis  service  function  was  also  contacted 
relevant  the  use  of  accelerometer  sensors,  modal  analysis  equipment, 
acoustic  microphones  and,  if  available,  personnel  to  help  with  the 
measurement  and  analysis  program4  Unfortunately,  ARLB  personnel  and 
equipment  were  not  available  within  the  time  frame  of  the  author's 
research  project. 

Velocity  and  acceleration  measurements  have  been  made  using  the 
three  Geo  Space  seismometers  (direct  measurement  of  velocity)  and  the 
two  PCB  accelerometers.  The  seismometers  have  been  the  sensors  most 
extensively  used  to 

(a)  Heasure  acceleration,  velocity,  and  motion  levels  at  three 
locations  across  the  mid-length  plane  on  the  optical  table 
and  at  three  locations  near  the  10- Inch  beam  expander  and 
mirror  components  (east  end  of  optical  table  In  HET  lab). 

(b)  Measure  acceleration,  velocity  ar.d  motion  levels  at  three 
locations  on  the  floor  under  the  optical  table  and  at  a  loca¬ 
tion  south  of  and  away  from  (4  ft)  the  optical  table. 


In  addition,  the  seismometers  were  also  used  to  survey  the  accel¬ 
eration,  etc.  levels  in  three  other  ARAA  labs.  Here  measurements  were 
made  at  locations  under  and  on  the  optical  tables  In  the  (1)  Phaser 
lab,  (2)  Deformable  Mirror  Lab  (D.  Heimlich)  and  (3)  Adaptive  Optics 
Lab  (D.  DePatie).  It  should  be  noted  that  the  optical  table  in  the 
Phasar  Lab  also  has  an  attached  (somewhat  shorter  vertically)  wind 
screen  enclosure.  The  deformable  mirror  and  adaptive  optics  labs  also 
each  have  a  6+  ft  long  trench  running  lengthwise  (east-west)  along 
their  floors.  The  optical  tables  in  these  three  labs  are  somewhat 
longer  (15  to  18  ft)  than  the  nominal  12  ft  table  long  HET  Lab  table. 

Vertical  and  horizontal,  two-point  relative  phase  modulation 
measurements  and  BMS  wavefront  surface  error  measurements  wer^  made 
using  HET  system  detector  signal  conditioning  A/D  conversion  hardware 
and  its  Data  General  signal  processing  software.  It  should  be  noted 
that  the  vertical  and  horizontal,  two-point  relative  phase  measure¬ 
ments  correspond  to  pitch  and  yaw  vibratory  motion  modulations,  respec¬ 
tively,  of  the  reference  and  object  beams  in  the  HET  system. 

m.3  DATA  PROCESSIMC/AMALYSIS 

One-  (for  time  sample  analysis)  and  two-  (for  wavefront  surface 
analyses)  dimensional  FTT(FPT  *)*  ware  put  on  the  ARAA  PDP-11/24  com¬ 
puter  system  by  the  author.  Consideration  was  also  given  to  anti¬ 
aliasing  and  window  smoothing  filters  tuned  to  the  frequency  range  and 
the  dynamic  bit  range  of  the  sampled  data  (Refs.  18-20).  However, 
these  PFT  programs,  etc.  were  not  used  to  develop  an  Integrated  data 
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analysis  (power  spectra,  coherence,  etc.)  software  package  to  process 
the  accelerometer,  etc.  sensor  and  HET  system-time  sample  results  discussed 
in  this  report.  This  was  because  the  Data  General  Eclipse  S/200  soft¬ 
ware  for  A/D  conversion  and  transfer  to  the  PDP-11/24  was  not 
available  until  late  in  the  author's  research  project  work.  The 
"quick  look"  results  discussed  in  this  report  were  based  on  (a) 

Nlcolet  660A  digital  oscilloscope  RMS  spectral  analysis,  differen¬ 
tiation  and  Integration  processing  and  plotting  system  and  (b)  HET 
system  relative  phase  measurement,  FFT  processing  and  plotting  capabi¬ 
lity  using  Data  General  Eclipse  S/200  computer  system.  The  latter  was 
developed  during  Summer  1983  by  Miss  Geraldine  Cordova  under  the 
direction  of  Captain  Joseph  T.  Evans.  It  was  checked  out  and  then 
available  for  use  by  the  last  week  in  July. 

III. 4  IDENTIFICATION  OP  VIBRATION  NOISE  SOURCES  IMPACTING 
SYSTEM  PERFORMANCE 

III. 4.1  Measurement  Results 

As  indicated  previously  a  survey /comparison  was  made  of  the 
velocity  and  acceleration  levels  in  the  ARAA-HET,  PHASAR,  Deformable 
Mirror  and  Adaptive  Optics  Labs.  RMS  floor  velocity,  etc.  level 
results  In  these  four  labs  indicated  that  the  Deformable  Mirror  Lab  is 
quietest  at  20  to  50  Hz  closely  followed  by  the  Adaptive  Optics  Lab. 

The  PHASAR  and  HET  Labs  seemed  to  be  somewhat  noisier  (nominal  5  to  10 
dB)  in  terms  of  peak  velocity  and  acceleration  levels  In  this  20  to  50 
Ht  frequency  range  with  the  HET  Lab  the  noisier  of  these  two.  This 
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may  be  correlated  with,  i.e.,  due  to  the  fact  that  the  HET  Lab  is  near 
the  center  of  the  first  floor  of  AFWL  Building  413  which  can  be  a 
vibration  antinode.  Building  413  is  an  office  building  which  was  not 
structurally  and  acoustically  designed  for  precision  optical  measure¬ 
ments. 

Comparison  of  the  difference  between  the  RMS  acceleration,  etc. 
spectra  levels  for  the  table  and  the  floor  for  each  of  the  four  above- 
mentioned  labs  indicates  nominal  IS  to3S  dB  differences  (level 
reductions)  for  the  Deformable  Mirror  and  Adaptive  Optics  Labs  and  ZO 
to  25  dB  level  reductions  for  the  HET  (nominal  ZO  dB)  and  PHASAR 
(nominal  25  dB)  Labs  in  the  25  to  45  Hz  frequency  range.  The  rele¬ 
vance  of  the  peak  levels  observed  at  nominal  30,  40  Hz  frequencies 
will  be  discussed  later.  Here  it  should  be  noted  that  the  optical 
tables  in  the  HET  and  PHASAR  Labs  both  have  attached  acoustic/wind 
screen  enclosures  while  the  optical  tables  in  the  Deformable  Mirror 
and  Adaptive  Optics  Labs  do  not* 

Figures  3a  and  3b  give  representative  plots  of  the  RMS  spectral 
decompositions  of  the  velocity  levels  under  and  on  the  HET  system 
optical  table  with  the  attached  wind  screen  enclosure.  These  results 
show  very  significant  peaks  at  nominal  frequencies  of  30  and  40  Hz. 
Examination  of  these  figures  indicates  that  the  floor  minus  table  dif¬ 
ferences  in  the  30,  40  Hz  levels  are/f  4  21*4 dB,  respectively,  or  a 
nominal  20  dB.  These  reductions  are  somewhat  less  than  the  vibration 
Isolation  to  be  expected  at  the  NRC  indicated* 12  dB/octave  fall  off 
above  1  Hz  with  the  six  NRC  vibration  isolation  mount  supp  't  legs. 
Since  comparable  NRC  vibration  isolation  legs  seem  to  perform  well  in 
corresponding  leg  configurations  in  the  Deformable  Mirror  and  Adaptive 
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Optics  Labs,  these  results  indicate  that  additional  vibration  noise 
sources  as,  e.g.,  acoustic  are  exciting  the  system  via  the 
acoustic/wind  screen  enclosure. 

Figures  4a  and  4b  respectively  plot  spectral  decompositions  of  the 
vertical  and  horizontal,  two-point  relative  phase  measurements  which 
were  made  with  the  HET  system.  It  should  be  noted  that  an  Independent 
sensor  (HET  system)  using  a  different  physical  process — as  compared  to 
the  seismometers — was  used  to  obtain  these  results.  Figure 
4a  shows  a  relatively  large  KMS  motion/relative  phase  modulation  peak 
at  a  nominal  30  Hz.  This  is  for  the  two  vertical  points  configuration 
in  the  HET  detector  array  and  corresponds  therefore  to  a  pitch  vibra¬ 
tory  modulation  of  the  HET  reference  and  object  optical  beams.  Figure 
4b  similarly  gives  a  large  SMS  motion/relative  phase  modulation  peak 
at  a  frequency  of  42  to  43  Hz*  In  this  case  two  horizontal  points 
were  sampled  in  the  HET  detector  array.  Thus  it  corresponds  to  a  yaw 
vibratory  modulation  of  the  refsrence  and  object  optical  beams  in  the 
HET  system. 

III. 4. 2  Simple  Analysis  of  Screen  Enclosure, 

Laser  Table  Motions  WRT  Optical  Table 

Simple  spring-mass  analyses  were  made  of  the  translational  and  yaw 
motions  of 

(a)  Top  member  of  the  acoustic/wind  screen  with  fixed  end  attach¬ 
ment  to  the  top  of  the  optical  table. 

(b)  Bottom  member/ledge  of  laser  bench  with  fixed  end  attachment 
to  the  bottom  of  the  optical  table. 
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Figure  2  depicts  the  location  of  the  wind  screen  and  laser  bench 
structures.  More  detailed  figures  are  included  in  Appendix  A. 

Nominal  mass,  stiffness  values  were  used  in  the  analyses  of  these 
motions  with  respect  to  the  optical  table.  Here  it  is  assumed  that 
since  the  rigid  body  motion  natural  frequencies  of  the  optical  table 
(as  indicated  by  experimental  results  and  by  analysis  and  time  domain 
computer  model  results)  are  in  the  low  frequency  range  0  to  5  Hz  while 
the  wind  screen  and  laser  bench  resonant  frequencies  are  in  the  range 
25  to  55  Hz.  That  is,  they  are  somewhat  separated  In  frequency  and 
thus  the  wind  screen  and  laser  bench  can  De  considered  (each 
separately)  as  moving  with  respect  to  a  fixed  table.  Thus  uncoupled, 
single-degree-of- freedom  representations  can  be  used  for  each  of  the 
x,y  translation  and  yaw  (wrt  z  axis)  motions.  Details  of  the  analysis 
calculations  are  given  in  Appendix  A. 

Table  II  gives  the  natural  resonant  frequency  results,  29.03  Hz  and 
40.81  Hz  calculated  for  the  translational  and  yaw  motions,  respec¬ 
tively,  of  the  top  member  of  the  wind  screen.  Table  III  summarizes 
corresponding  translational  and  yaw  resonant  frequency  results,  48.09  Hz 
and  39.88  Hz,  respectively,  for  the  laser  support  bench. 

These  resonant  frequency  analysis  results  taken  together  indicate 
that  there  are  translational  motion  resonant  frequencies  at  nominal 
values  of  29  and  48  Hz.  In  addition,  there  ire  two  closely  placed  yaw 
motion  resonant  frequencies  at  nominal  values  of  40  and  41  Hz.  These 
results  are  in  close  agreement  with  the  significant  peaks  observed  In 
the  MS  seismometer  velocity  level  spectra  at  nominal  frequency  ranges  of 


TABLE  III  Translational  Mods  and  Yaw  Mode  Natural  Resonant  Frequency 
Results  for  Motion  of  Bottom  Ledge  of  Laser  Support  Bench 
WRT  Optical  Table 
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29-31  Hz,  40-42  Hz  and  on  occasion  50-52  Hz  with  both  the  vlnd  screen 
and  the  later  bench  structures  In  place.  These  results  are  also  In 
agreement  with  observed  peaks  in  the  Independent  spectral  decom¬ 
positions  of  the  vertical  and  horizontal,  two-point  relative  phase 
measurements  made  with  the  HET  system  (with  both  the  wind  screen  and 
the  laser  bench  attached  to  the  optical  table). 

Specifically,  the  29  Hz  and  48  Hz  natural  resonant  frequencies  are 
for  relative  (x,y)  translational  motions  which  correspo:  1  to  roll  and 
pitch  optical  beam  modulations.  They  correspond  to  the  32  to  33  Hz  and 
53  Hz  apectral  peaks  found  In  the  vertical,  two-point  relative  phase 
measurements  directly  giving  the  pitch  motion  component  of  the  modula¬ 
tion  of  the  HET  system  optical  beams.  Similarly,  the  calculated  40  Hz 
and  41  Hz  yaw  natural  resonance  frequencies  correspond  t u  the  43  Hz 
speetral  peak  found  in  the  horizontal,  two-point  relative  phase 
measurements.  These  measurements  directly  give  the  yaw  motion  com¬ 
ponent  of  the  modulation  of  the  optical  beams  In  the  HET  system. 

In  summary,  these  results  Indicate  that  both  the  acoustlc/wlnd 
screen  and  the  laser  support  bench  are  Important  local  "sources**  of 
mechanical  vibration  In  the  HET  system.  Together  they  can  cause  nomi¬ 
nal  25  to  53  Hz  frequency  modulations  of  the  phase  difference  between 
the  reference  and  the  object  beams.  Thus  they  are  apparently  signifi¬ 
cant  local  sources  or  causes  of  the  consistently  large  *  X /35-MS 
wavefront  surface  deviation  errors  measured  with  the  HET  system. 


III. 5  DESIGN  MODIFICATION  STUDY  AND  RESULTS 


It  was  decided  to  remove  the  attached  acoustic/wind  screen— a  non¬ 
trivial,  though  relatively  easy  task— and  investigate  the  impact  of 
this  change  upon  measured  acceleration,  velocity,  etc.  levels  and  upon 
HET  system  wavefront  sensor  performance.  The  laser  support  bench, 
etc.  was  not  also  removed  because  its  removal  la  relatively  difficult 
and  would  require  long  term  separate  mounting  modifications  to 
suitably  reconfigure  the  laser  to  optically  drive  the  HET  system.  It 
should  be  noted  that  the  Ideal  modification  plan  here  would  be  to 
remove  only  one  of  these  two  structures  then,  replacing  that  one,  only 
remove  the  other,  and  then  remove  both. 

Removal  of  the  acoustlc/wlnd  screen  was  found  to  give  significant 
reduction  of  the  nominal  29-31  Hs  (10  to  13  da  reduction)  and  40-43  Hs 
(13  to  20  dB  reduction)  vibration  noise  components  for  seismometer 
locations  on  top  of  the  optical  table.  However,  when  the 

(a)  Different ill  hologram  optical  fringes  were  visually  observed 
for  the  10  in.  beam  wavefronts  In  the  HET  system, 

and 

(b)  Corresponding  relative  phase  between  the  reference  and  object 
optical  beams  was  visually  observed  on  the  system 
oscilloscope, 

It  was  seen  that  removal  of  the  wind  screen  gave  large-scale  (>  1/4 
sod  hence  quadrant  errors),  random  oscillations  In  the  low  frequency 
range  0.0  to  2.3  Hs. 

Subsequent  Investigations  showed  that  these  oscillations  were  due 
to  random  air  movements  and  turbulence  as,  e.g.,  generated  by 


oscilloscope  and  computer,  etc.  equipment  fans  and  blowers  in  the  HET 
Lab.  These  air  movements,  etc.  severely  degraded  HET  system  wavefront 
sensor  performance  without  some  form  of  a  wind  screen  surrounding  the 
optical  table  and  system  components. 

A  system  of  floor  to  ceiling  curtains  with  a  rudimentary  celling 
of  plastic  film  sheeting  which  completely  surrounds,  but  is  not  physi¬ 
cally  attached  to,  the  HET  optical  table  was  used  as  a  near  term  solu¬ 
tion  to  reduce  the  effects  of  the  random  air  movements  and  turbulence. 

It  was  found  that  10  in.  beam  RMS  wavefront  surface  deviation  errors  can 
be  reduced  to  X/60  with  the  curtains  and  ceiling  in  place, 

IV.  SUPPORTING  STUDIES 

Iy.l  UNDAMPED  NATURAL  RESONANT  FREQUENCY  ANALYSIS  OF 
RIGID  BODY  MOTION  OF  OPTICAL  TABLE 

An  undamped  natural  resonant  frequency  analysis  was  made  of  the 
rigid  body  notion  (R*t)  of  the  HET  optical  table  (Refs.  21-23). 

Figure  3  depicts  the  idealised  six  degree-of-freedom  representation 
used  in  the  analysis.  The  six  degrees  of  freedom  are: 

x  or  xj  -  Translational  motion  along  the  table  length. 

y  or  X*  •  Translational  motion  transverse  to  the  table  length,  l.e., 

along  table  width. 

s  or  xj  •  Translational  notion  in  the  vertical  direction. 

♦  ■  Roll  angular  motion  about  the  x  axis. 

6  ■  Pitch  angular  motion  about  the  y  axis. 

V  "  Taw  angular  motion  about  the  s  axis. 
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Here  x,y,z  (or  x^,  x^,  x^)  form  a  right-handed,  fixed  inertial  coor¬ 
dinate  system.  Positive  x,y,z  are  in  the  directions  indicated  in 
Figure  5.  Positive  ♦  ,  0,  ¥  are  defined  as  positive  if  they  are  CCW 
with  respect  to  the  positive  x,y,z  axes,  respectively.  Figure  5  also 
shows  the  six  vibration  isolation  mount  support  legs  which  are  repre¬ 
sented  as  three-dimensional  linear  springs.  In  this  analysis  the 
motions  are  assumed  to  be  small  such  that  the  resulting  dynamic  system 
is  linear*  It  is  further  assumed  that  the  (x,6)  motions  and  the  (y,$) 
motions  are  coupled  each  pair  together,  while  the  z  and  the  ¥  motions 
are  each  uncouple^ 

Table  IV  summarises  the  results  of  this  undamped  natural  resonant 
frequency  analysis.  These  RBM  frequencies  range  from  0.27  Hz  to  2.61 
Hz.  They  are  in  basic  agreement  with  relative/load  peaks  which  have 
been  observed  in  the  measured  acceleration,  velocity  and  motion  level 
spectra  for  non-zero  initial  conditions  in  each  of  the  six  degrees  of 
freedom.  Appendix  B  gives  details  of  the  analysis.  This  includes  a 

summary  of  the  equations  used  to  calculate  the  resonant  frequencies 

/■ 

given  in  Table  IV. 

IV. 2  12  STATE  VARIABLE,  T1ME-D0HAIH  ANALYSIS  OF 

RIGID- BODY-HOT IQH  OF  OPTICAL  TABLE,  ETC.  DESIGNS 

A  12  state-varlebls,  nonlinear,  time-domain  model  analysis  was 
made  of  the  rlgld-body-notlon  (UK)  of  the  HET  optical  table,  etc. 
system  design.  The  dynamic  systems  model  considers  xj,  i  •  1,2,3 — 
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translational  motion  of  the  center  of  mass  and  <& ,  0,  ¥ — roll,  pitch 
and  yaw  degrees  of  freedom.  The  dynamic  systems  model  can  handle  an 
arbitrary  number  (>  4)  of  vibration  isolation  mount  support  legs 
arbitrarily  placed  under  the  table.  Figure  5,  as  discussed  pre¬ 
viously,  gives  an  idealized  representation  of  the  system  under  con¬ 
sideration  . 

The  RBM  equations  of  motion  can  be  defined  in  state  vector 
equation  form  as  follows*: 

7T  -  A*  +  BF  (1) 


in  which, 


(2) 


,  the  12  component  state  vector 


the  6  component  generalized  force  vector 


(3) 


°  t,,  0  0 

o  a  o  o 

o  o  o 


12  x  12  nonlinear  system  matrix 


(4) 


*  See  Refs.  26,27  for  background  development  re  Eqs.  (1-11). 


,  12  x  ^  compatibility  matrix  relating 
generalized  forces  to  time  rate  of 
change  of  state  vector  components. 


0  I 

0  o 


(C0cf)  UstsecY]  -  [sYcft])  ([cfsec*]  +  [sYs*]) 
(cQaf)  ([s4s6sY]  +  [cYe*])  ([a Oc$sY]  -  [cYe*J) 
(-sQ)  (c ©a*)  (c0c*) 


in  which,  c(  )  -  cos  (  ),  •(  )  -  »in  (  ), 

tbp  "  (tfb)T 


Note  that 


*F  *  TPB*B 
*B  "  TBF*P 


Transformation  relations  between  rotating 
body  and  fixed  Inertial  vector  components. 


In  which,  tn(  ) 


(s*tp9) 

(c*tn0) 

<ci) 

(-•♦) 

(s4sc8) 

(cttC0) 

-  tan  (  ),  sc(  )  -  sec  (  ) 


Note  that 


d© 

dt 


TFB  wB  or 


d_ 

dt 


—  — 

— 

* 

P 

0 

-  T_ 

afb 

Q 

if 

R 

_  _ 

.  . . 

in  which, 


(Ug  -  P),  (u*  -  Q),  (u3 


R)  *  so-called  "roll,  pitch  and  yaw 
rates,"  -  wrt  body  axes. 


Q 


0  R  -Q 
-R  0  P 
Q  -P  0 


r-r 


max 


r-r 


F  - 


max  1 


?(r)  "  TBP  Jml  ?VASL(r)  ui  :  1<1P’1B<3 


,  the  number  of  vibration 

max 

absorber  support  legs. 

u.  ,  u.  are  unit  vectors  in 
F  XB 

frame,  body  coordinate  systems. 


*F  ^F  ^F 

P»ASL(r)  ‘  *<r)jF  l*(r)  '  *n.OOR<r)  (t)) 


(! 


K1..J.O 


(14) 


r»r 


max 

M  -  y  R,  .x  F,  v 
rtl  (r)  (r) 


This  dynamic  systems  model  was  implemented  In  the  Fortran  IV  com¬ 
puter  software  package  HETRBM09 ,  which  consists  of  a  driver  plus  21 
subroutines  and  2  function  subprograms.  This  software  has  been 
thoroughly  checked  out.  Complete  listings  of  HETRBM09  and  of  an 
example  input  data  set  file  HETRBMIN  are  given  in  Appendix  C* 

HETRBM09  runs  have  been  made  which  show  the  coupling  of  the 

(1)  xj«  x  translation  and  e  pitch 

2 

(2)  y  *  Xy  translation  and  ♦  roll 

degrees  of  freedom.  The  *  ■  x^  vertical  translation  and  Y  yaw  degrees 
of  freedom  are  each  essentially  uncoupled  from  all  others.  The 
undamped  resonant  frequency  behavior  observed  with  HBTRW09  for  non- 
sero  initial  condition  runs  with  zero  motion  input  at  the  floor  are  in 
good  agreement  with  the  results  discussed  In  Sectlqn  IV. 1. 

It  should  be  noted  that  time  did  not  permit  including  the  effects 
of: 

(a)  Damping  of  the  vibration  Isolation  mount  support  legs. 


(b)  Hass  and  inertia  effects  of  additional  optical  components  and 
structures  (as,  e.g.,  wind  screen  and  laser  support  bench 
structures)  in  HKTUH09.  Hodif  lest  ions  to  Include  these 
effects  can  easily  be  made  at  a  later  4*te.  HETRJH09  can 
also  be  used  to  investigate  optimum  leg  placement,  etc. 
designs— l.e. ,  those  placement  designs  which  give  the  best 
rigid  body  motion  behavior. 
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IV. 3  FINITE  ELEMENT  METHOD  ANALYSIS  OF 
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OPTICAL  TABLE,  ETC.  DESIGNS 


Here  It  was  desired  to  use  ANSYS  or  SAPV  finite  element  computer 
programs  to  analyze  the  flexural,  torsional,  etc.  elastic  system 
response  of  the  optical  table,  the  acoustic/wind  screen  enclosure,  the 
laser  support  table,  and  the  large  beam  expander  lens  a*:d  mirror  optical 
components.  Time  limitations  (Including  the  two-week  downtime  caused 
by  relocation  of  the  CRAY/CDC/IBM  large-scale  computer  system)  did  not 
permit  the  effective  use  of  these  finite  element  method  software 
packages . 

However,  a  normalized,  approximate  resonant  frequency  analysis  was 
made  of  the  flexural  and  torsional  vibration  modes  of  the  optical 
table.  Here  the  free/plnned  boundary,  pinned  Intermediate  support 
results  given  In  Blevins  (Ref.  28)  for  the  resonant  frequencies  of  the 
multlspan  elastic  beam  configuration  were  used.  Tables  V,  VI  and  VII 
present  these  undamped  natural  resonant  frequency  results  which  have 
been  normalized  to  a  first  free-free  unloaded,  single  span  flexural 
frequency  of  100  Hz  and  a  corresponding  torsional  frequency  of  170  Hz. 
These  values  were  given  by  Newport  Research  Corporation  (Ref.  14)  as 
reasonable  approximations  for  a  nominal  12  ft  x  4  ft  x  1.5  ft  HET 
system  optical  table. 

These  results  Indicate  that  significant  changes  In  the  resonant 
frequencies  and  hence  mode  shapes  excited  at  a  given  excitation  fre¬ 
quency  can  be  effected  by  a  judicious  or  more  optimal  placement  of  the 
vibration  Isolation  mount  support  legs.  Indeed,  Vhaley  and  Pearson 
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1ABLK  V  Resonant  or  Natura L  Frequencies  for  Optical  Table  Modeled 
a  Free- Free  Beam  with  Pinned  Intermediate  Supports 
h  ■:  12.0  ft 


i 

fl(Hz) 

Single  Span 

No  Support 

f|(Hz) 

Triple  Span 

2  Supports 
(4  l.ep.s) 

ft(Hz) 

Quadruple  Span 
3  Supports 
_ ( 6_  JLc^s ) 

1 

100.0 

80.2 

162.2 

2 

275.6 

109.3 

176.5 

3 

540.8 

515.6 

833.0 

4 

893.7 

734.5 

1103.4 

5 

1334. f, 

891.3 

1408.6 

6 

1863.8 

1809.5 

1588.5 

FfiEE-FREZ 

1 - 

- - 1 

'siMbLt  j>Fan 

h — 

L  - H 

FREE -FREE 

[  ■  , 

■ - 1 

TFii’lE  .SPam 

4 

A 

'  V 

F  RtFL  -  / :  C l- _ _ _ _ 

QU,\i)Jui>i  t  [...  . .  1 


TABLE  VI  Resonant  or  Natural  Frequencies  for  Optical  Table  Modeled  as 


a  n_n n>’^  lieam  with  Finned  Intermediate  Supports 

L  12  ft. 


1 

fi(Hz) 

Single  Span 

2  Supports 
(4  Legs) 

fi(Hz) 
Double  Span 
3  Supports 
(6  Legs) 

1 

44.1 

176.5 

7 

1  7f» . 

275.7 

3 

*10  7.0 

705.  n 

4 

/o„.;» 

893 .  ? 

5 

l 105-1 

1587.8 

6 

1SH8.2 

1863.8 

PlNNcto  PlWL’U 
'.)\N&lE  SPAivJ 


A  a  A 


ODU/iL£  .‘5  A.kJ 


/WLOCjRkM  uviaGE 

OPTICAL  COMPQ MfAj  T  /»Pe«r^C  P^Wfc- 


F/6.  6 

REPRESEAi  TativiI  LINE  DravJiNG  Showing  Vibrators 
Motion  geometry  for  an  optical  compcncn , 
OBJECT  beam  PATH,  note  THAT  <uX'£LtA*c  Tit  res  - 

Dimensional,  unit  sectors  for  incipcnt 

Transmitted  optical  Beams  a,  opt, cal 
Component 


(18) 


M1"  t?OPT.  COMP*  *  <=t  -  ^>]2 
Over 

Leg  Placement  Designs 

Table  Physical  Parameters 

Table  Placement,  etc.  of  Optical  Components 

IV. 4  VIBRATORY/ACOUSTIC  MOTION-IMPACT  ON  FRINGE  MODULATION 


A  review  was  made  of  the  survey  work  by  Smith  (Ref.  30)  relevant 
the  impact  of  motion  upon  holograms  and  the  fringe  modulation  func¬ 
tion.  Smith's  consideration  is  based  upon  the  temporal  filtering  of 
holograms  formulation  introduced  by  Goodman  (Ref.  31).  Powell  and 
Stetson  also  considered  the  related  problem  of  interferometric  vibra¬ 
tion  analysis  and  derived  equivalent  results  from  a  somewhat  more 
complicated  point  of  view  (Ref.  32).  The  related  areas  of  PH  modula¬ 
tion  (straight  line  PM  slide,  constant  frequency  sinusoidal  modula¬ 
tion,  etc.)  as  considered  by  Nitta  (Ref.  33)  and  the  impact  of  noise 
on  phase-lock- loop ,  heterodyne  system  performance  as  examined  by 
Gardner  (Ref.  34),  Lindsey  (Ref.  33)  and  Van  Trees  'Ref.  36)  were  also 
reviewed. 

The  analysis  for  sinusoidally  vibrating  motion  can  be  summarised 
as  follows.  Consider  the  reference  and  object  beam  geometry  as 
depleted  In  Fig.  6.  Here  the  optical  component  in  the  object  beam 


L 


C.%V- 


nNV\ 


y.y.;, 

m*yi 


path  is  assumed  to  have  veetor  sinusoidal  motion  as  per 


Velocity 


V  ’  V'oe*  ’oc'  ‘oe5  coi  V 


(!»•> 


*  •*,  «  4  *  .  *  ,  w  •  *  «  • 


(19b) 


(*oc*  *oc’  *oc>  "  T^^ineneional  location  of  "optical 

center"  of  optical  coaponent  under 
conaidaration. 


Voe(*oe‘  yoc’  *oeJ  “  Voc  “  M**nltudt  of  wloctty  of  optical 

component.  -  [V^  .  Vo<J1/2 

■  Unit  vector  defining  direction  of  vibratory 

(i.e.,  aiouaoldal)  notion  of  optical 
V 

eomponmnt.  u  -  (=2*)  . 

06  oc 

w  -  temporal  angular  velocity  of  vibrator/  notion 

T 

at  frequency  f.  -  21!  f. 

It  ahould  be  noted  that  the  optical  component  could  be  any  lane, 
mirror,  beam  eplltter,  etc.  component  In  the  object  or  the  reference 
opt leal  beam  petha  or  It  could  even  be  the  wavefront  hologram 
aperture-electronic  detector  or  film  recording  nedlun,  ate. 

The  vibratory  notion  ean  alao  arlae  acouetleally  in  the  air 
through  which  the  optical  bean  t rave la.  It  la  aaeuned  that  the  vibra¬ 
tory  notion  la  email  enough  each  that  and  u^  •  are 

conetant  with  tine.  That  la,  that  the  ehangea  in  the  anglea  between 
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the  direction  of  the  vlbretory  notion  end  the  directions  of  the  lncl 
dent  end  trenenltted  beeme  ere  very  enell  end  cen  be  neglected  vlth 
respect  to  unity  or 


M“  uoc  ■  "l  ■  Mln  uoc  •  "l  «  1 


over  t 


over  t 


Hex  u  •  u_  -  Hin  u  •  ul,  «  1 
oc  t  oc  t 


over  t 


over  t 


The  exposure  et  point  (x^,  y^,  s^)  of  the  electronic  detector  or 
the  film  recording  nsdlun  in  the  hologren  eperture  plena  is 


H(V7A,8A;t)*H(xA,rA,8A;t*dt  (21) 

in  which, 

.H(xA,yA,s^;t)*H(x^#yA,iA; t)  -  the  irredlence  distribution  et 

Che  detector/recordlng  nedlun 
location. 


T  ■  Total  sesple  or  exposure  tine 
(  )*  •  Complex  conjugate  operator 


Since, 


*(*A.yA.*A;t)  -  t(*A*yA,*A)  ♦  o(xA,yA,sA;t), 


'A*7A*  A' 


A,7A*  A* 


Eq.  (21)  can  be  rewritten  as 


*(WV  ■  ♦  *otJ  ♦  ecokj  *  *,,0, 


-•  n->:-  - :  s-  ' ^ :•  •  .* : 

vS^/v  v’, 


in  which, 

EREF,EOBJ  *  ExPosures  resulting  from  reference,  object 
complex  light  waves  alone,  respectively. 

* 

econj  "  'Wm 

*  +T/2 

'  R  (xA ’VV  I_T/2  0(VyA'Vt)dt 

which  results  in  the  primary  image. 

The  primary  image  term  is  thus  the  irradiance  image 

Interest  in  the  following  analysis. 

Defining 

l,  |  t  |  <  t/2 

Rect(t/T)  - 

0,  |  t  |  >  T/2 

and  writing  the  Fourier  transform  of  0(x^,y^,sA;t) 

as 

?(*A.yA»*A;v)  -  /  0(xA,yA,sA;t)dt 

allows  Eq.  (23c)  to  be  written  as 

•• 

"  TR(xA»yA»*A)*  /  sinc(IlvT)0(x^,y^,r^;v)dv 

in  which 

T  slneOlvT)  •  .  Courier  transform 

of  Ract  (t/T) 


(23b) 

(23c) 

term  of 

(24a) 

(24b) 

(25) 


It  should  be  noted  that  Eq.  (25)  can  be  Interpreted  as  a  linear  filter 
with  transfer  function  slnc(IIvT). 


Using  the  sinusoidal  time  dependence  given  in  Eq.  19  allows  the 
time  dependent  phase  difference  between  reference  and  the  object  beams 


to  be  written  as 


oc  •  —  — 

'  "’OBJ  *  +  V  (VUI>  sin 


(26) 


Thus 


0(VVzA:t)  -  0o(xA>yA,2A)e 


4(t) 


°o(xA’yA’ZA)e 


*♦«  iaMOD  Sln  V 


(27) 


in  which 


Voc^Xoc,yoc*2oc^  r- 

"mod - Z - [V  (Vui>] 


(28) 


k  ■  2n/X  ■  Spatial  wave  number/ f requency . 


Substituting  Eqs.  (27,28)  in  Eqs.  (24b, 25 )  yields 


i$o  n— 


Sam  "  °o^XA’yA,ZA^*  ^  JJuT'  l“oc*  * 

n— °»  T 

(29) 


nwTT 

sinc(-=^-) 


In  Eq.  (29),  J  (  )  -  nth  order  Bessel  function  of  the  first  kind  of 
n  ” 

argument  (  )• 

Because  Uj,  -  uT(xA»yA»*A)  ln  Eq.  (29),  the  electronically  detected 
or  film  recorded  fringe  modulation 


1 2  gPRIM  gCOWJ, 

l  ®  4.  V  i 


erep  +  eobj 


(30) 
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is  not  constant  over  the  hologram  image  in  the  aperture  plane.  This 
can  therefore  result  in  degraded  optical  fringe  patterns  as  a  function 
of  aperture  size.  Equivalently  there  is  a  higher  phase  detection 
noise  floor  (less  signal  to  noise  ratio  -  SNR)  which  can  result  in 
significant  wavefront  RMS  errors  (say  >  X/35)  as  measured  with  the  HET 
system. 

A  software  package  TFVMHF02  has  been  developed  to  evaluate  the 
fringe  modulation  (Eqs.  29,30)  as  a  function  of  HET  sampling  time, 
translational  or  angular  sinusoidal  vibration  amplitude  as  a  function 
of  frequency,  and  planar  direction  of  motion  with  respect  to  the  opti¬ 
cal  beam.  As  indicated  on  the  previous  page,  aperture  size  effects 
can  also  be  investigated.  TFVMHF02  has  been  written,  data  sets 
defined  and  was  being  implemented/checked  out  on  ARAA's  PDP-11/24  com¬ 
puter  system  at  AFWL  at  the  end  of  the  author's  SPRP  work  period 
there. 

T7VMHF02  should  allow  the  Investigation  of  meaningful  amplitude 
levels  for  both  mechanical  and  acoustic  vibration  source  mechanisms. 
Here  curves  relating  HET  sampling  time  and  vibration  amplitude  as  a 
function  of  frequency  can  be  validated  via  measurement  experience  with 
the  HET  system  and  additional  accelerometer,  etc.  sensors.  These 
validated  results  can  be  used  as,  e.g.,  to  develop  design  curves  spe¬ 
cifying  maximum  structural  dynamics-acceleration  or  g  levels.  This 
entails  a  mapping  from  acceleration  levels  in  the  structural 
dynamics/mechanical  vibrations  area  to  vibratory  motion  and  hence  rela¬ 
tive  phase  optical  beam  modulations  per  se.  The  amplitude  of  these 
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modulations  can  be  set  at  values  which  give  acceptable  10  in.  (i.e., 
large  diameter)  beam,  wavefront  sensor  performance  of  the  HET  (or  a 
comparable  wavefront  sensor)  system.  If  necessary,  corresponding 
acoustic  sound  pressure  level  design  specification  curves  can  also  be 
developed . 
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V.  CONCLUSIONS 


As  discussed  in  Section  III,  an  investigation  has  been  made  of 
mechanical  vibration/acoustic  sources  of  the  consistently  large  (X/35) 
IMS  deviation  errors  in  10  in.  beam  wavefront  surfaces  measured  with 
the  AFWL/ARAA  heterodyne  holographic  interferometer,  wavefront  sensor 
(HEX)  system.  Spectral  decompositions  of  vibration  level  measurements 
made  with  seismometer  sensors  and  independent  spectral  decomposition 
measurements  made  with  the  HET  system  of  pitch,  yaw  modulations  of  HET 
(reference  and  object)  optical  beams  —  showed  significant  peaks  at  nomi¬ 
nal  frequencies  of  30  and  40  Hz.  Additional  seismometer  and  HET  beam 
modulation  peak  responses  (albeit  at  somewhat  lower  levels)  have  also 
been  seen  at  nominal  frequencies  of  50-52  Hz. 

Simple  undamped  resonant  frequency  analyses  of  the  relative  motions 
with  respect  to  the  optical  table  of  the 

(a)  Top  mounted  acoustic/wind  screen  structure 

(b)  Bottom  mounted  laser  support  bench  structure 

have  been  made  using  nominal  mass,  stiffness  values.  These  analyses 
gave  translational  (x,y)  and  yaw  angular  motion  resonant  frequencies 
corresponding  to  (roll,  pitch)  and  yaw  optical  beam  modulations  of 
(29.03,  40.81)  Hz  for  the  wind  screen  *nd  (48.09,  39.88)  Hz  for  the 
laser  support  table.  These  results  plus  the  attachment  of  the  wind 
screen  to  the  top  of  the  optical  tabla  Indicate  that  the  wind  screen 
is  a  significant  local  source  (or  antenna/amplifier  as  opposed  to 
absorber)  of  mechanical/acoustic  vibratory  motion. 

Removal  of  the  acoustlc/wlnd  screen  enclosure  resulted  In  reduction 
of  the  nominal  30  Hz  pitch  and  40  Hz  yaw  vibration  level  and 


optical  beam  modulation  components.  However,  large  amplitude,  low 
frequency  random  motion  induced  modulations  caused  quadrant  errors 
(>X/4)  in  (a)  the  two-point  relative  phase  observed  as  a  function  of 
time  on  the  HET  system  oscilloscope  and  (b)  the  wavefront  sensor  sur¬ 
face  error  results  indicated  in  using  the  HET  system  detection  plus 
A/D  conversion  hardware  and  Zernicke  polynomial  surface  fitting  soft¬ 
ware.  These  large  amplitude,  low  frequency  (0.0  to  2.5  Hz)  random 
modulations  were  found  to  be  caused  by  low  level,  random  air  movement 
and  turbulence.  The  use  of  a  system  of  floor  to  celling  curtains  and 
plastic  sheeting  ceiling  as  a  near  term/interim  fix  to  this  problem 
was  found  to  improve  HET  system  performance  to  the  extent  that  10  in. 
beam  RMS  wavefront  surface  errors  of  <X/60  could  be  obtained. 

Four  supporting  studies  were  also  performed  as  Indicated  in  Section 
IV.  These  were: 

(1)  Resonant  frequency  analysis  for  linearized  rigid  body  motion 
of  HET  optical  table  system. 

(2)  12  state  variable,  time-domain  analysis  of  the  nonlinear  rigid 
body  motion  of  HET  optical  table,  etc.  system  designs. 

(3)  Finite  element  method,  etc.  analysis  of  flexible  motion 
response  of  optical  table  system  designs. 

(4)  Impact  of  mechanical  vibration/acoustic  motion  on  relative 
phase  modulation  of  HET  system  optical  beams  and  hence  on 
fringe  modulation. 

Limited  work  in  supporting  studies  (1),  (2)  above  gave  good  rigid 
body  motion  resonant  frequency  and  time-domain  predictions  as  com¬ 
pared  to  a  limited  amount  of  sensor  time  function  measurements*  These 
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good  comparison  results  indicate  that  the  12  state-variable,  nonlinear 
time-domain  model  and  the  linearized  resonant  frequency  model,  when 
extended  to  include  such  effects  as  vibration  isolation  support  leg 
damping  and  realistic  nonsymmetric  mass  distributions  can  be  used  to 
Investigate  the  number,  placement  of  the  support  legs  to  minimize  the 
effect  on  the  rigid  body  motion  of  the  HET  optical  table  system. 

The  limited  results  and  formulations  presented  in  supporting  stu¬ 
dies  (3),  (4)  Indicate  that  computer  model  analytical  calculation 
results  (and  corresponding  modal  analysis  measurements)  can  be  used 
to  directly  investigate  the  Impact  of  HET  system  vibratory  motion  upon 
Its  relative  phase  modulation  and  aperture-plane  fringe  modulation 
response  behavior.  Therefore,  these  computer  model  analytical,  etc. 
studies  can  be  used  to  optimize  or  at  least  improve  upon  the  design  of 
HET  and  similar  optical,  large-beam  (as,  e.g.,  >  10  in.)  wavefront  sensor 


systems 


VI.  RECOMMENDATIONS 


Based  upon  the  results  of  the  research  project  reported  herein 
the  following  recommendations  are  made: 

(1)  That  ARAA  construct  and  use  an  unattached  "rigid"  member  wind 
screen  enclosure  (4  sides  and  top)  for  the  HET  optical  table 
and  components  mounted  to  its  top  surface.  This  enclosure  can 
be  easily  made  from  a  1  in.  steel  channel  framework  plus 
sliding  mylar  sheeting  sides  (*  1/4  in.  thick)  and  a  fixed 
mylar  top  or  ceiling  member.  This  structure  should  be 
separately  supported  on  its  own  set  of  vibration  isolation- 
rubber  or  similar  material  pads.  It  should  minimize  the 
effect  of  random  air  movements,  etc.  on  HET  wavefront/sensor 
performance. 

(2)  That  usage  be  investigated  of  additional  local  wind  screen 
enclosures  at  the  location  of  the  large-beam  expander  and 
mirror,  etc.  optical  components  as  well  as  at  the  table  loca¬ 
tion  where  the  laser  beam  enters  the  HET  optical  system. 

(3)  Consideration  should  also  be  given  to  the  design  and  use  of 
off-the-shelf  components  to  provide  a  positive  pressure,  clean 
room  system  environment  in  the  interior  of  the  large  wind 
screen  enclosure  surrounding  the  HET  optical  table. 

(4)  ARAA  should  investigate  employing  separate  mounting  of  the 
driving  laser  and  the  use  of  fibre-optic  or  comparable  means 
for  light  input  to  the  HET  system.  Alternatively,  placement 
of  the  laser  on  top  of  the  optical  table  should  be  considered. 

(5)  An  investigation  should  be  made  of  the  optimization/improve¬ 
ment  of  water  input  for  laser  cooling  to  reduce  low  frequency 
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vibration  inputs  to  HET  system. 

(6)  ARAA  should  consider  the  design,  construction  and  use  of  a  1  or 
2  mass  plus  damper,  spring  elements  tuned  vibration  absorber 
(yielding  10  to  30+  dB  notch  at  specified  design  frequency)  to 
reduce  the  still  high  30  Hz,  etc.  line  vertical  motion  com¬ 
ponent  observed  at  the  top  of  the  HET  optical  table. 

(7)  That  ARAA  use  ARLB  personnel,  equipment  lo  perform  modal  ana¬ 
lysis  and  acoustic  sensor  measurements.  These  measurements 
can  be  used  to  define  present  optical  component  vibration  mode 
sensitivities  and  to  suggest  changes /perturbations  to  the  HET 
system  resulting  in  improved  wavefront  sensor  performance.. 

This  modal  analysis  and  acoustic  sensor  work  can  also  be  used 
to  head-off  potential  future  wavefront  sensor  problems  rele¬ 
vant  the  calibration,  testing  and  use  of  flexible  mirror  and 
subaperture-to-full  wavefront-reconstruction  components. 

(8)  That  the  finite  element  and  vibratory/acoustic  motion  analyses 
discussed  in  Sections  IV. 3,  IV. 4  be  used  to  (a)  Examine  in 
detail  the  impact  of  sampling  time,  vibration  amplitude  as  a 
function  of  frequency,  direction  of  vibratory  motion  and  aper¬ 
ture  slze-upon  the  relative  phase  modulation  of  HET  optical 
beams  and  upon  the  HET  hologram  fringe  modulation  function. 

(b)  Optimize  or  improve  HET  system  designs  as  per  selection  of 
the  number  and  placement  of  the  vibration  isolation  support 
legs,  the  table  physical  parameters  and  the  table  placement, 
etc.  of  HET  optical  components. 
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(9)  That  calibrated  mechanical  vibration  and  acoustic  input  sour¬ 
ces  be  used  to  validate  analytical  predictions  of  the  impact 
of  vibratory  motion  (Recommendation  (8)  and  Section  IV. 4)  on 
the  relative  phase  modulation  between  the  reference,  object 
optical  beams  and  upon  the  fringe  modulation/RMS  wavefront 
sensor  error  performance  obtained  with  the  HET  system. 
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(1)  Acoustic/Wind  Screen  Structure  Attached  to  Top  of  HET  Optical 


Table 


(a)  x,y  Translational  Motion  Undamped  Natural  Resonant  Frequencies 
(correspond  to  pitch,  roll  vibratory  modulation  of  HET 


optical  beams). 


KFLEX 


EQUIV 


S*.r>  '  “  ( 


^FLEX 


EQUIV ^ 


(b)  Yaw  Motion  Undamped  Natural  Resonant  Frequency 

(corresponds  to  yaw  vibratory  modulation  of  HET  optical  bea«*> 


-  .1  r  FLEX 

n,  x  2ff  1  M 

(yaw) 


KFLEX  EQUIV 


1/2 

■)  (' 


K  +  s  ) 

ROOF  yR00F 


fn  ( — 5 - 2 - 177) 

(x,y)  (r  +  l2  )1/2 

ROOF  7R00F 


(Ri,RQ)  -  (1.0625,1.1875)  in. 

%  -  50  in. 

(A  ,  i  )  *  (72,24)  in.  -  one-half  length,  width  of  top 
’'ROOF  yROOF 

member  of  acoustic/wind  screen 

Substituting  into  Eqs.  (1-3)  *> 


f  -  29.03  Hz  (4a) 

“(x.y) 


f  -  40.81  Hz  (4b) 

(yaw) 


(2)  Laser  Support  Bench  Structure  Attached  to  Bottom  of  HET  Optical 
Table 

(a)  x,y  Translational  Motion  Undamped  Natural  Resonant  Frequencies 
(correspond  to  pitch,  roll  vibratory  modulation  of  HET 
optical  beams) 


*FLEX  EQUIV  " 


(5) 


n(*.y) 


L. 

2n 


^*FLEX  EQUIVj 


1/2 


C6) 


(b)  Taw  Motion  Undamped  Natural  Resonant  Frequency 

(corresponds  to  yaw  vibratory  modulation  of  HET  optical 

beams) 


(y«w) 


3(i2  +  t2)l/2i 

— •! 

<lx ♦  9 


1/2 


(7«) 


(7b) 


-  f 

n 


(x,y) 


3  or  +  4-)*' 

_2E _ 

2  2 
4  +  4 

x  y 


“4  1/2 

H 


In  Eqs.  (5-7), 


M  -  571.2  lb 

m 


E 


30  x  106 


I 

XX 


4  4 

n(°o  -  »i> 
- 5? - 


(R1,R0)  -  (0.625,0.750)  in. 
4  »  14.0  in. 


Ux,4y)  •  (33.94,7.47)  in.  -  One-half  length,  vldth  of  bot¬ 
tom  ledge  member  of  later  bench 


(Ix,4y)  ■  (18.69,6.47)  in.  •  x,y  components  of  dietance 

vector  from  points  of  attach¬ 
ment  of  four  support  members  to 
center  of  bottom  ledge  member 
of  laser  support  bench. 

Substituting  into  Eqs.  (5-7)  -> 

f  -  48.09  Hi 

(x.y) 

f  -  39.88  Hi 


x  -  Translation,  Q  -  Pitch  Motion  Analysis 


“(*,0)2 


ran  +  a22 


a, ,  +  ou0  2  1/2 

■)  ±  [[  j  ’)  “  a21a12 ^ 


(1) 


in  which, 


°11 

a12 

a21 

a22 


*EQ  (») 
H 


2  2 
^*EQ(x)Xz  *  ^QCz/xj 


Here 

lbf 

rEQ(x)  -  6  Legs  (150  j—/Leg)  -  900  lbf/in 
lbf 

SqU)  -  4  (*4  IT/U*)  "  256  lbf/ln  * 


(2a) 

(2b) 

(2c) 

(2d) 


♦Note  that  only  4  u  oppoaad  to  6  lags  supply  pitch  moment  via 
vortical  stiffness  force  at  each  leg.  This  assumes  that  two 
middle  lege  are  In  vertical  symmetry  plane  of  optical  table. 
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(*x»*z)  *  (72.44,9)  in.  *  One-half  length,  height  of  HET 

optical  table. 

The  undamped  natural  resonant  frequencies  in  Hz  follow  as 


Substituting  into  Eqs.  (1-3)  gives 


XX 
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(C)  z  -  Translation/Vertical  Motion  Analysis 


f  .  1  n  -  1  r 
n(z)  5if  n(z)  2n  1  M  J 


W'1 


in  which, 


*EQ(.)  ■  6  Ug*  (64  ir/Leg)  “  384  IT 


M  -  3000  lb 


Substituting  into  Eq.  (9)  gives 


fn(x)  ■  1>12 


(D)  f  -  Ysw  Motion  Analysis 


4K,  _■,(*?  +  *2)  +  */  v*2  1/2 


“»<*) 


t  IV/  VU  T  A,  I  *  MV/  V* 

.  (  <«.y>  i — z: — -SaiLq 

A  ki/i  \  /«  *  .  . 


Tli  M(*)(t  +  t  ) 

12  x  y 


12K,  .  1"  1/2 

"  2(i^  +  o 

x  y ' 


Hers 


lb. 


K,  x  -  150 
(x,y)  in 


M  -  3000  lb 


(9) 


(10) 


(lift) 


(lib) 


(l  ,1  )  *  (72.44,25.00)  in.  -  One-hslf  length,  width  of  KET 
x  y 


optics!  table. 


r/ 


V. 


<• 
s*  ‘ 


W-  •>- 


*w 


i§ 
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The  undamped  natural  resonant  frequency  In  Hz  can  be  vriten  as 


*!»(*)  *  2n  “nC O  (12) 

Substituting  into  Eqs.  (11,12)  yields 

fnOO  *  2,49  **  (13) 

(E)  Summary  of  Resonant  Frequency  Results 

Therefore,  the  undamped  natural  resonant  frequencies  for  the 
rigid  body  motion  of  the  HET  optical  table  can  be  summarized  as 


fn(x,0)l 

0.27 

fn(x,0)2 

2.34 

fn(y,«)l 

m 

0.66 

fn(y.*)2 

2.61 

fn(x) 

1.12 

£n(f) 

2.49 

(14) 


m 


>  > 
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APPENDIX  C 


HETRBM09: 


Fortran  IV  Software  Package  for  Time-Domain 
Modeling,  Analysis  of  Rigid  Body  Motion  of 
HET  System  Optical  Table  Designs 


nnnnnn 


CONH ENT:  HBTBBH09.PTN; 1 

DBITER  PROGBAB  HETBBH  -  OBIT SB  PROGBAH  FOB  BIGIO  BOOT 
NODE  -  VIBRATION  BODEL  OP  RAIN/SALIENT  HECBANICAI/ 

STB OCT OB At  BIB BENTS  OP  THE  B ETEBQDINING- HOLOGRAPHIC- 
IN  TER  PEBOH  ETEI  STStEN  DESIGN. 


EXTERNAL  HTBB7H 

COHHOV  /L0VIO1/LORI,LO  BO,LOB01 
COHBON  /IIITC1/XTOTBA ( 1 0,3) 

COBBOV  /BAII1/IDIN 
COBBOI  /XPBXBT/XPBDUN (50) 

COBBOV  XPREQ,XOTBL1,XOTBL2,XOTBL3,IHASST,BHOOTB, 

♦  XKSACT ( 10,3) , IBS  ACT  (1 0,3) ,XIPLBA (1 0,3) , XXPLBP (10,3) , 

•  VSVACT, VS fOIB ,IHASSO, IGCOP* 

C  *»•*•***•*****••»•»**•**•* 

01 BBVSIOV  APDS EP (50) 

DIBEVSION  XTRXPB  (3,3)  ,  XDOB1  (3)  #IDOH2(3) 

BEAL  T,T  (12) ,TOOT,BELERR ,ABSEBB, XPBEQ 
REAL  TPIVAL,TPRIVT,VORR(75) 

INTEGER  IVOBK(5) ,XFLAG,NEQN 


695  POBBAT  (1B0) 

696  POBBAT (1R1) 

697  POBBAT  (/) 

896  POBBAT (///) 

899  POBBAT  (8 El  3.  5) 

900  POBBAT (6610.  5) 

901  POBBAT  (1615) 

902  POBBAT  (8E16.8) 

LOVI  -  1 
LOVO  «  2 
LQV01  *  3 

OPEN  (OBIT  -  LOVI, TYPE  -  "OLD*,  VABE  -  •  HETBBH  IN.  'JAT#  , 
*  EBB  «  99) 

C  •#*••*••*••****•••••*«••*•*••••*••••*•*••••••••**»*• 

VOIH1  •  13 
V0IB2  •  3 
VDIB3  •  1025 
VDIB  -  V0IB2 
VOIR  •  3 
XEB  •  0.0 

c  •••••*•••*•••••••••••*•••••••••••••••••••••••••••••• 

CALL  BDAPBT (APDSEP,1,20,  1) 

C  OBPIVE  INITIAL  CONDITIONS  FOR  STATE  TABIABLES. 

BEAD  (LOVI, 901)  VSPEQV 
BEAD  (LOVI ,900)XCB10,XCN20,XCfl30 
BEAD  (LOVI, 900) TCB10,TCN20,7CB30 
(BAD  (LOVI  ,900)OHG  10,OBG20,OBG30 
BEAD  (LOVI, 900) IPBIO, XTRTO ,XPSI0 
READ  (LOVI ,900 )XXCR10, IXCH20,XXCH30 


BEAD  (LONI, 900)  XXPHIO,  XXTHTO,XXPSIO 

INPOT/DEPINE  OPTICAL  TABLE  SIZE  AND  HASS  PBOPEBTIES. 

READ  (LONI, 900) X0TBL1 , X0TBL2 ,X0TBL3 
BEAD  (LONI  ,901 )  I  PI  ASS  0,  IGCOPT 
BEAD  (LONI, 900) XH ASST, RHOOTB 

IBPOT/DEPIME  LINEAR  SPRING  CONSTANTS,  DISTANCES  PROH  CENTER 
B1 TERENCE  POINT  FOR  6  NRC  VIBRATION  ISOLATION  BQONT  LEGS. 

READ  (LONI ,901 ) NSf ACT, NSVDIR 

CALL  RDPRNT (XX SACT, NSVACT, NSVDIR, NDIHl  ,1) 

CALL  RDPRNT (XRSACT ,NSVACT, NSVDIR, NDIHl , 1 ) 

CALL  RDPRNT  (XXFLRA,NSV ACT, NSVDIR, NDIHl , 1) 

CALL  RDPRNT (XXFLBP,NSVACT, NSVDIR, NDIHl ,t) 

NS TACT  *  NOHBER  OF  VIBRATION  ISOLATION  SOPPORT  LEGS* 

NSVDIR  *  NOHBER  OF  DIRECTIONS/DOF  FOB  TRANSLATIONAL 

SPRING  CONSTANTS  FOR  VIBRATION  ISOLATION  LEGS. 
A********************* *•••+*•+**+»•*•***••*•*+**••#+•*•••+#«*•* 

READ  (LONI ,900)  XFBEQ 

XPREQ  -  EXCITATION  PREQOERCY  AT  THE  FLOOR. 
*•«*•*••*••*+•*•+**+*•****++ **+•»•»******•*»*»+»#***»*+*»* ***** 

NR  ITS  (LONO, 895) 

CALL  RDAPRT(APDSEP,1,20,2) 

N*JTE  (LORO, 898) 

WRITS  (LORO, 90  1)  NSVEQN 
NRITE  (LORO, 89  8) 

NRITE  (LONO, 899)  XCH10,  XCB20,XCB30 
NRITE  (LONO, 897) 

NRITE  (LORO,  899)  VCB10,  VCH20,  VCH30 
NRITE  (LONO,897) 

NR  m  (LORO, 899) OHG10, OHG20,OHG30 
NRITE  (LORO, 897) 

NRITE  (LONO,899)  XPHIO,  XTHT0,XP3I0 
WRITE  (LORO, 898) 

CALL  RDAPRT(APDSEP, 1,20,2) 

NRITE  (LORO, 898) 

NRITE  (LORO, 899)  XXCH1 0, XXCH20,XXCH30 
NRITE  (LORO, 89 7) 

NRITE  (LORO, 899)  XXPHI  0,  XXTHT0,XXP3I0 
NRITE  (LORO, 898) 

CALL  RDAPRTf  AFDSEP,1,20,2) 

NRITE  (LORO, 897) 

NR  ITE  (LONO,  899)  XOTBL1 ,  XOTBL2,  XOTBL  3 
NRITE  (LONO, 897) 

NRITE  (LONO,  901)  I  HAS  SO,  IGCOPT 
NRITE  (LORO, 897) 

NRITE  (LORO, 899)  XHA5S7, RHOOTB 
NRITE  (LONO, 89  8) 

CALL  R CAFRTfAPDSEP,  1, 20, 2) 

NRITE  (LORO, 897) 

NRITE  (LORO,901) NSVACT, NSVDIR 
NRITE  (LONO, 897) 

CALL  8 DPRNT (XX SACT, NSVACT, NSVDIR, NDIHl ,2) 

NRITE  (LORO, 891) 

CALL  RDPRNT  (XRSACT, NSVACT, NSVDIR, NDIHl, 2) 

NRITE  (LORO, 898) 
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CALL  RDPRNT  (XXFLR A,NSVACT,  NSVDIB, NDIB 1 , 2) 

WRITE  (LONG,  897) 

CALL  RDPRNT  (XXFLR P r NS V ACT, NS V DIR, N DIB 1,2) 

WRITE  (LONG*  89  8) 

CALL  RDAPRT(APDSEP,1,20,2) 

WHITE  (LONG, 89 9)  XFBEQ 
WRITE  (LDNO,  898) 

WRITE  (LONG, 89  5) 

*********************************************************** 
SET  INITIAL  CONDITIONS. 

1(1)  *  XCH10  ♦  XXCH10 

T (2)  *  XCN20  ♦  XXCH20 

T (3)  =  XCM30  ♦  XXCH30 

T 14)  =  VCB10 
1(5)  *  VCB20 
T (6)  =  VCB30 
T  (7)  *  ONG  10 
T  (8)  *  ONG  20 
T  (9)  *  ONG  30 
Y CIO)  *  XPHIO  ♦  XXPHIO 
T (  1 1)  *  XTHTO  ♦  XXTHTO 
T (12)  »  XPSIO  ♦  XIPSIO 

DEFINE  INITIAL  OR  SET  POINT  DISPLACEMENTS  FOR  OPTICAL 
TABLE  AT  VIBRATION  ISOLATION  BOOST  LOCATIONS. 

CALL  TRXFXB (XTRXFB,XPHI 0, XTBTO, XPSI 0 ,NDIR, NDIB2) 

CALL  HTRINT  (XTOTRA  ,10,  3,  NDIS1,ZER) 

DO  111*1, NSVACT 
DO  212*1, NSVDIH 
XDUH1  (12)  *  IRSACT  (11,12) 

2  CONTINOE 

CALL  BATPRD  (XTRXFB,XD0B1,XDUN2,3,3,  NDIB2) 

XTOTRA  (II,  1)  *  XCH10  ♦  XDOH1  (1) 

XTOTRA  (1 1,  2)  *  XCH20  ♦  XD0B1  (2) 

XTOTRA  (11,3)  *  XCH30  ♦  XD0H1  (3) 

1  CONTINOE 

****************  ** ****  ****  ******* ********  IM4  *****) 

DEFINE  NON  ERIC AL  INTEGRATION,  ETC.  PARANETERS. 

RELERH  -  0. 5E-03 
ABSXIH  *0.0 
T  PIN  AIL  -  20.0 
TPIINT  *  0.1 
C  INITIALIZE  INDEPENDENT  VARIABLE  TZBE. 

T  *  0.0 
TOOT  »  T 
IFLA6  *  1 
N1QN  r  NSVEQN 

C  ••*••£ *** *********************  ******************** *********< 

IP5INT  •  1 

10  CALL  RNFN5  (ITRBVH,NEQN,T,T, TOOT, IEL EBB, ABSERR, IFLAC, 

*  BORN,  IWORK) 

VI ITS  (1010,899)  T,  (T  (I)  ,I*1,IEQN) 

IPRINT  -  IPBINT  ♦  1 

GOTO  (80,20, 30,90,50,60,70,80)  ,  I  FLAG 
20  TOOT  «  T  ♦  TP1IIIT 
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IF  (T  .LT.  TFINAl)  GO  TO  10 
GO  TO  98 

30  WRITE (LOMO , 31)  RELERB, ABSERR 

GO  TO  10 

4  0  WRITE  (LUNO,41) 

GO  TO  10 

50  ABSERR  1.0E-9 

WRITE (LUNO,  31)  RELEBR , ABSERR 
GO  TO  10 

60  RELERR  *  10. 0*RELERR 

WRITE (LUHO,3i)  RElERRr ABSERR 
I FLAG  *  2 
GO  TO  10 

70  WRITE  (LORO  ,71) 

I FLAG  =  2 
GO  TO  10 

80  WRITE (LUNO, 81) 

98  CONTINUE 
C 

CLOSE  (UNIT  =  LUNI , DISP  =  'KEEP*, ERR  =  99) 

99  CONTINUE 
STOP 

C 

11  FORMAT  175.1,  2F15.9) 

31  FORMAT (17H  TOLERANCES  RESET,  2E12.3) 

41  FORMAT  (11H  MANY  STEPS) 

71  FORMAT  (12H  HT1CH  OUTPUT) 

81  FORMAT  (14H  IMPROPER  CALL) 

END 


.V 

V 
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SUBROUTINE  HTHBYH  (T,Y,  TP) 

HEAL  T  ,  Y  ( 1 2)  ,YP(12) 

REAL  H SXTOT,HS YTOT f flSZTOT 

COflHON  XFBEQ,XOTBL 1,XOTBL2 ,XOTBL3,XNASST, BHOOT8, 

•  ZKSACT(10,3),XBSACT  (10,3)  ,XX?LB  A  ( 1 0,  3)  ,  XXFLRP  (10,  3)  , 

*  NSYACT, NS VDXH  ,ISASSO,  I6C0PT 
COflHON  /LUHIOI/LUNIf LU N0#LUN01 
COflHON  /IN ITC1 /ZT OTR A ( 1 0 , 3 ) 

COflHON  /flAIHI/NDIH 

COflHON  /ZPRINT/ZPREUH (50) 


DIMENSION  XXXI ZJ  (3,3)  ,  ZTHXPB  (3,  3)  ,  ZTRZBP  (3, 3 )  ,  ATBXFB  (3,3), 
•  ZDUH  (3)  , XXDUN  (3)  ,XXXDUH  (3)  ,  OHGHTR  ( 3,  3)  ,  IBRIIJ  (3,3) 
DIMENSION  FYACTT  ( 10, 3)  , XYACTY (1 0,3) 

***•**•• ****************************************** ******** 

NDIfl 1  -  10 

NDIH2  *  3 

NDIR  *  3 

NDIfl  x  NDIH2 

NEQN  >  12 

ACCGRY  *  3  2#  17 4 


CALL  III JRP(XOTBL1 ,XOI BL2, XOTBL3, B BOOTS, ZH ASST, ZIZIZJ , NDIfl 2, 
*  INASSO, IGCOPT) 

CALL  TBZBXF(ZTRZBF,I (10)  ,1(11)  ,T  (1 2 )  ,NDIB,  NDIH2) 

CALL  TBZFXB  (XTRXFB,Y  (10)  ,Y  (11)  ,Y(12)  ,NDIB,  NDIH2) 

CALL  ANGYTB  (ATRXFB,Y  (1  0)  ,Y  (11)  ,Y  (12)  ,  NDIR,  NDIN2) 

XDUN  ( 1)  -  Y(a) 

XDUH  (2 )  -  Y  (5) 

XDUfl  (3)  *  Y  (6) 

CALL  HATPBD  (XTB  XFB  ,XDU  H,  ZZDUN,  3,  3,  N  DIB  2) 

YP  (1)  «  XIDUfl(l) 

YP(2)  «  ZXDUH  (2) 

YP  (3)  -  ZXDUH  (  3) 


DEFINITION  OF  ?SX(IB)TOT. 

I1TOPT  -  1 
ItTOPT  «  2 
CNS1TO  -  1.0 

IF  (I1TOPT.  EQ,2)CNSBTO  -0.0 
XDUN  ( 1)  -  0.0 
XDUfl  (2)  •  0.0 

XDUfl (3)  *  "XHASST* ACCGR Y*CNSBTO 

CALL  HATPRD(ZTRZBF,XDU  H,XXDUfl,3,3,N0IH2) 

FSXTOT  «  XIDUN  (1) 

FSYTOT  «  X XDUfl (2) 

FSXTOT  -  XXDUN  (3' 

DO  1X1-1,  NSYACT 
DO  212-1, NSVDIB 

XDUH (12)  -  XJFIRF (XXFLRA (1 1,12)  , XXF LRP (1 1 ,12)  ,XFBEQ,T) 
XXDUN  (12)  *  X1SACT  (II ,  12) 

2  CONTINUE 


n  o n  non 


CALL  HATPBD (XTRXPB,XXDUH,XXXDUfl,3,3  ,NDIM2) 

DO  313=1 ,NS7DIR 

X7ACT7  (II,  13)  =  (Y(I3)  ♦  XXXD0fi(I3)  -  XTOTRA  (II  ,13) )  - 
*  XD0H(I3) 

P7ACT7  (11,13)  *  -XKSACT  (11,13)  *X7ACT7  (II  ,13) 

3  CONTINUE 

DO  414=1, NS7DIR 

XDUB  (14)  *  P7ACT7  (II  ,14) 

4  CONTINUE 

CALL  BATPBD (XTR IBP, IDO 8, XXDOB, 3, 3, MDIB2) 

DO  515=1, BSfDIR 

PTACTT  (11,15)  =  XXDOB  (15) 

5  CONTI  BOP 

PSXTOT  «  PSXTOT  ♦  P7ACT7(I1,1) 

PSTTOT  «  PSITOT  ♦  P7ACT7(I1,2) 

PSZTOT  =  PSXTOT  ♦  P7ACT7(I1,3) 

1  CONTINUE 

♦•♦•♦♦••♦••♦♦♦•••••••♦♦•♦•♦••••••••♦•••••••♦•I************ 

DEPINE  OBGBTR  'SPINOR'  MATRIX  IN  TERMS  OP  (T  (7)  ,  T (8)  ,T  (9)  ) 
=  (B,P, Q)  =  'ROLL,  PITCH,  TAi  RATES'. 

CALL  OHGDEP (OBGBTR,! (7)  ,T(8)  ,T(9)  ,NDIfl2) 

XDOB  (1 )  *  1(4) 

XDITM  (2)  »  T  (5) 

XDOB  (6)  =  T  (6) 

CALL  BATPBD  (OBGBTR,  XDtJH,  XXDOB,  3, 3,  SDIH2) 

TP  (4)  «  XXDOB (1)  ♦  PSITOT/XHASST 
TP  (5)  *  XXDOB  (2)  ♦  PSTTOT/XBASST 
IP  (6)  *  XXDOB  (3)  ♦  PSZTOT/XHASST 
CALL  GHIN7 (3,3, XIXIXJ, XBRIIJ ,BTBANK ,0) 

IP  (HTRANK-3) 11,12,  11 

11  CONTINUE 

NRITE  (LUHO,90  3)  HTEANK 

903  PORH  AT  (5X,  '  STOP  NO.  11  IN  HTRB7B,  HTRANK  =  •  ,15) 

STOP 

12  CONTINUE 

XDOB  (1 )  •  T  (7) 

XDOB (2)  *  T(8) 

XDOB  (3)  «  7(9) 

CALL  BATPBD (XIXIXJ, XDOB, XXDOB, 3, 3 , HDIH2) 

CALL  HATPHD(OBGHTH,XTDOB,XDOB,3,3.-NDIB2) 


DEPINITION  OP  BSX(IB)TOT  -  TOTAL  'ROLL,  PITCH,  TAi*  - 
(R,P,Q)  MOMENTS. 

HSITOT  *  ID0B(1) 

BSTTOT  ■  XDOB (2) 

BSZTOT  «  XDOB (3) 

DO  616=1 ,NSf ACT 
DO  717*1, IS7DIR 
XDOB  (17)  »  XRSACT  (16,17) 

XX  DOB  (17)  »  r7  ACT7  (16, 17) 

7  CONTINUE 

CALL  7 ARAXB (XD OB, XXDOB ,X XXDOB, NS7DI R) 

BSXTOT  -  HSXTOT  ♦  XXXDOH(I) 

BSTTOT  »  BSTTOT  ♦  XXXDUB(2) 
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HSZTOT  *  HSZTOT  ♦  XXXDUN (3) 

6  CONTINUE 

XDU9 (1)  =  HSXTOT 
TO  UN  (2)  *  HSYTOT 
XDUN (3)  »  HSZTOT 

CALL  HATPHOtlBRU J^XDON.XXXDUN, 3,3 #NDIH2) 

TP  (7)  »  ♦  XXXDUN  ( 1) 

TP  (8)  =  ♦  XXXDUN  (2) 

TP  (9)  *  ♦  XXXDUN  (3) 

XDUH*1)***y*7^ ************************************ *********** **** 
TO  ON  ( 2)  *  T{8) 

XDUN  (3)  *  Y(9) 

aiL  NATPRD  (ATE XFB, XDUN,  XXDUN,3,3, NDIN2) 

TPtlOJ  =  XXDON(I) 

TP  (11)  »  XX DUN  (2) 

TP  (12)  »  XXDUH  (3) 

DO  919*1, MEQN 
XPRDON  (19)  *  TP  (19) 

9  CONTINUE 
BETURN 
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SUBROUTINE  BKF45  (F,NEQN ,1, T, TOOT ,RELERR, ABSEBR,IFL AG, WORK, 
1  IWOBK) 


FEHLBERG  FOURTH- FIFTH  ORDER  BUNGE- KOTTA  METHOD 

WRITTEN  BT  H. A. WATTS  AND  L.F.SHAHPINE 
SANDIA  LABORATORIES 
ALBUQUERQUE, NEW  HEXICO 

RKF45  IS  PRIHARILY  DESIGNED  TO  SOLVE  NON-STIFF  AWD  NILDLY 
STIFF  DIFFERENTIAL  EQUATIONS  WHEN  DERIVATIVE  EVALUATIONS 
ARE  INEXPENSIVE.  RKF45  SHOULD  GENERALLY  NOT  BE  USED  XS 
DEHANDING  HIGH  ACCURACY. 

ABSTRACT 

SUBROUTINE  BKS45  INTEGRATES  A  SYSTEM  OF  NEQN  FIRST  ORDER 
ORDINARY  DIFFERENTIAL  EQUATIONS  OF  THE  FORM 

DY  (1)/DT  -  F  fT,  Y  f  1)  ,Y  (2) . .  Y  (NEQN)  ) 

WHERE  THE  Y(1)  ARE  GIVEN  AT  T. 

TYPICALLY  THE  SUBROUTINE  IS  USED  TO  INTEGRATE  FROH  T  TO 
TOUT  BUT  IT  CAN  BE  USED  AS  A  ONE-STEP  INTEGRATOR  TO 
ADVANCE  THE  SOLUTION  A  SINGLE  STEP  IN  THE  DIRECTION  OF  TOUT. 
ON  RETURN  THE  PARAMETERS  IN  THE  CALL  LIST  ARE  SET  FOR 
CONTINUING  THE  INTEGB ATION.  THE  USER  HAS  ONLY  TO  CALL  THE 
RVCFS  AGAIN  (AND  PERHAPS  DEFINE  A  NEW  VALUE  FOR  TOUT). 
ACTUALLY,  HKFS  IS  AN  INTEGRATING  ROUTINE  WHICH  CALLS 
SUBROUTINE  RKFS  FOR  THE  SOLUTION.  RKFS  IN  TURN  CALLS  THE 
SUBROUTINE  FEHL  WHICH  COMPUTES  AN  APPRO XI NATE  SOLUTION  OVER 
ORE  STEP. 

RKFV5  USES  THE  RUNGE- KUTTA-FEHLBERG  (4,5)  METHOD  DESCRIBED  IN 
THE  REFERENCE. 

E. FEHLBERG  ,  LOW-ORDER  CLASSICAL  RUNGE-KUTTA  FORHULAS  WITH 
STEPSIEB  CONTROL  ,  NASA  TR  R-31S 


£ 


V.* 


A 

V,' 

'j»  1 


THE  PERFORRANCE  OF  RKFS  IS  ILLUSTRATED  IN  THE  REFERENCE 
l.  F.SHAN?INE,R«*.  WATTS,  S.  DAVENPORT,  SOLVING  NON-STIFF  ORDINARY 
DIFFERENTIAL  EQU ATIONS-THE  STATE  OF  THB  ART. 

SAHDIA  LABORATORIES  REPORT  SAND75-0182. 

TO  APPEAR  IN  SIAM  REVIEW. 


THB  PARHITRBS  REPRESENT- 

F  —  SUBROUTINE  F(T,Y,YP»  TO  EVALUATE  DERIVATIVES  ’>/ 

YP(1)*DT(1)/DT 

NEQN  -  NUHBEB  OF  EQUATIONS  TO  BE  INTEGRATED 
Y(*i  -  SOLUTION  VECTOR  AT  T 
T  -  INDEPENDENT  VARIABLE 

TOUT  -  OUTPUT  At  WHICH  SOLUTION  IS  DESIRED 

8ELERR,  ABSE8X  -  RELATIVE  AKD  ABSOLUTE  ERROR  TOLERANCES  POR  *  : 

LOCU  ERROR  TEST.  AT  EACH  STEP  THE  CODE  REQUIRES  THAT 

‘V, 
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IBS  {LOCAL  ERROR)  .  LE.  BEL  EBB*  IBS  [T)  «■  IBS  EBB 

POB  EICH  CORPONEHT  OP  THE  LOCAL  EBBOR  I  HD  SOLUTION  VECTORS 
I FLAG  -  INDICATOR  FOB  STATUS  OF  INTEGRATION 
NORK(*)  -  ARRJY  TO  HOLD  I NFOR RATION  INTERNAL  TO  RKF45  WHICH 
IS  NECESSART  FOR  SUBSEQUENT  CALLS.  RUST  BE  DIRENSIOIED  AT 
LEAST  3 *6*HEQ  W 

IVORK (*)  —  INTEGRATE  ARRAY  USED  TO  HOLD  INPORRATION  INTEBNAL 
RKF4  5  WHICH  IS  NECESSARY  FOR  SUBSEQUENT  CALLS.  ROST  BE 
DINEMSIONED  AT  LEAST  5 


FIRST  CALL  TO  RKF45 

THE  USER  ROST  PROVIDE  STORAGE  IN  HIS  CALLING  PROGRAH  FOR  THE 
ABBA7  IN  THE  CALL  LIST.  Y  (NEQN)  .  WORK (3*6*NEQN) .  IVORK  (5) . 
DECLARE  F  IN  AN  EXTERNAL  ST AT EH ENT,  SUPPLY  SUBROUTINE 
F(T, Y, IP) 

AND  INITIALIZE  THE  FOLLOWING  PABAHETEBS- 

HEQN-NURBERS  OF  EQUATIONS  TO  BE  INTEGRATED.  [NEQN  •  GE.  1) 

Y  (*)  -  VECTOR  OF  INITIAL  EQUATIONS 

T  -  STARTING  POINT  OF  INTEGRATION,  RUST  BE  A  VARIABLE 
TOUT  -  OUTPUT  POINT  AT  IHXCI  SOLUTIONIS  DESIRED. 

T  *  TOUT  IS  ALLOVED  ON  THE  FIRST  CALL  ONLY,  IN  WHICH  CASE 
RKF45  RETURNS  WITH  IFLAG*2  IF  CONTINUATION  IS  POSSIBLE. 
RELERR, A8SERB  -  RELATIVE 

WHICH  RUST  9E  ION-NEGATIVE.  RELEBR  RUST  BE  A  VARIABLE  WHILE 
ABSERR  RAY  BE  A  COISTANT.  THE  CODE  SHOULD  NORMALLY  ROT  BE 
USED  WITH  RELATIVE  ERROR  COITROL  SHALLER  THAI  ABOUT  1.E-8. 

TO  AVOID  LIHITING  PRECISXOI  DIFFICULTIES  THE  CODE  REQUIRES 
RELERR  TO  BE  LARGER  THAI  AI  INTER  HALLY  COMPUTED  RELATIVE 
ERROR  PAIAN1TEI  WHICH  IS  HACRXIE  DZPEWDEVT,  IN  PARTICULAR, 
PURR  ABSOLUTE  ERROR  IS  ROT  PBRHITTED.  IF  A  SMALLER  THAI 
ALLOWABLE  VALUE  OF  RELERR  IS  ATTEMPTED,  RKF45  INCREASES 
RELERR  APPROPRIATELY  AID  RETURNS  CONTROL  TO  THE  OSIN  BEFORE 
COITIRUIIG  THE  INTEGRATIOI. 

I  FLAG  -  *1,-1  INDICATOR  TO  IIITIALIZE  THE  CODE  FOR  BACH  MU 
PROBLEH.  RORHAL  INPOT  IS  ♦I.  THE  USER  SHOULD  SET  IFLAG—  1 
OILY  VHBI  ORE-STEP  INTEGRATOR  CONTROL  IS  ESSERTCAL  IB  THIS 
CASE 

BKF45  ATT3HPTS  TO  ADVAICB  THE  SOLOTIOR  A  SI IGLB-3TRP  II  THB 
DIRRCTION  OF  TOOT  BACH  TIRE  IT  IS  CALLED.  SINCI  THIS  MODI 
OF  OFERATIOI  RESULTS  II  EXTRA  COHPUTIMG  OVBRfl BAD.  IT  SHOULD 
BE  AVOIDED  OHLESS  REEDED. 


OUTPUT  FI OH  IKP45 
T  (•)  -  SOLOTIOR  AT  T 

T  -  LAST  POIRT  REACHED  IN  INTEGRATIOI. 

IFLAG  •  2  -  INTEGRATION  R BACHED  TOOT.  INDICATES  SOCCESSFUL 
RET Oil  AID  IS  THE  RORRAL  NODE  FOR  CONTIBOIIG  IBTBGIATIOR. 
•2  -  A  SINGLE  SUCCESSFUL  STEP  IN  THE  DIRECTION  Of  TOOT 
HAS  BEEN  TAKEN.  MORRAl  NODI  FOR  CORTIIOIRG 
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INTEGRATION  ONE  STEP  IT  A  TINE. 

*  3  -  INTEGRATION  NAS  NOT  CONPLETED  BECAUSE  RELATIVE 

ERROR  TOLERANCE  ^AS  TOO  SHALL.  RELERR  BAS  BEER 
APPROPRIATELY  POR  CONTINUING. 

■  4  -  INTEGRATION  WAS  NOT  CONPLETED  BECAUSE  NORN  THAN 
3000  DERIVATE  EVALUATIONS  HERE  NEEDED.  THIS  IS 
APPROIINATELT  500  STEPS. 

*  5  -  INTEGRATION  HAS  HOT  CONPLETED  BECAUSE  SOLUTION 

VANISHED  HIKING  A  PURE  RELATIVE  ERROR  TEST 
IHPOSSIBLE. 

BUST  USE  NON* ZERO  ABSERR  TO  CONTINUE  USING  THE 
ONE-STEP  INTEGRATION  NODE  FOR  ONE-STEP  IS  A  GOOD 
VAT  TO  PROCEED. 

*  6  -  INTEGRATION  HAS  NOT  CONPLETED  BECAUSE  REQUESTED 

ACCURACY  COULD  NOT  BE  ACHIEVED  USING  SHALLBST 
ALLOVABLE  STEPSIZE.  USER  BUST  INCREASE  THE  ERROR 
TOLERANCE  BEFORE  CONTINUED  INTEGRATION  CAN  BE 
ATTEHFTED. 

*  7  -  IT  IS  LIKELY  THAT  BKF45  IS  INEFFICIENT  FOR 

SOLVING  THIS  PROBLEH.  TOO  HOCH  OUTPUT  IS 
RESTRICTING 

THE  NATURAL  STEPSIZE  CHOICE.  USE  THE  ONE-STEP 
INTEGRATOR  RODE. 

*  8  -  INVALID  INPUT  PARAHETERS,  THIS  INDICATOR  OCCURS 

IF  ANY  OF  THE  FOLLOVING  IS  SATISFIED  -  HEQH.Lt.0 
T-  TOOT  AND  IFLAG. NE.  +  1  OR  -1 
RELERR  OR  ABSERR. LT.  0. 

IFLAG. EQ.O  OR  .LT.  -2  OR  • GT.  8 
HORK  (*)  #IHORK  (•)  — INFORHATION  VHICH  IS  USUALLY  OF  NO  INTEREST 
TO  THE  USER  BUT  NECESSARY  FOR  SUBSEQUENT  CALLS. 

HORK  (1)  #•««  •  HORK  (NEQN)  CONTAIN  THE  FIRST  DERIVATSS 
OF  THE  SOLUTION  VECTOR  Y  AT  T.  HORK (NBQN*1)  CONTAINS 
THE  STEPSIZE  H  TO  BE  ATTENPTED  ON  THE  NEXT  STEP. 
IVORK(I)  CONTAINS  THE  DERIVATE  EVALUATION  COUNTER. 


SUBSEQUENT  CALLS  TO  BKF45 

SUBROUTINE  BKFA5  RETURNS  HITH  ALL  IHFORHATION  NEEDED  TO 
CONTINUE  THE  INTEGRATION.  IF  THE  INTEGRATION  REACHED  TOUT* 
THE  USER  NEED  ONLY  DEFINE  A  HEN  TOUT  AND  CALL  RKF*S  AGAIN. 
IN  THE  ONE-STEP  INTEGRATOR  BODE  (IFLAG— 2)  THE  USER  BUST 
KEEP  IN  RIND  THAT  EACH  STEP  TAKEN  IS  IN  THE  DIRECTION 
OF  THE  CURRENT  TOUT.  UPON  REACHING  TOUT  (INDICATED  8* 
CHANGING  IFLAG  TO  2).  THE  USER  BUST  THEN  DEFINE  A  BEN  TOOT 
AND  RESET  IFLAG  TO  -2  TO  CONTINUE  IN  THE  ONE-STEP 
INTEGRATOR  BODE. 

IF  THE  INTEGRATION  VAS  NOT  CONPLETED  BUT  THE  USER  STILL 
HANTS  TO  CONTINUE  (IPLAG*3#«  CASES)  #  HE  JUST  CALLS  RKF*S 
AGAIN.  VXTH  IFLAG* 3  THE  RELERR  PARANETER  HAS  BEEN  ADJUSTED 
APPROPRIATELY  FOR  CONTINUING  THE  INTEGRATION.  IN  THE  CASE 
OF  IFLAG**  THE  FUNCTION  COONTER  HILL  BE  RESET  TO  0  AND 
ANOTHER  3000  FUNCTION  EVALUATIONS  ARE  ALLOYED. 
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HOWEV EB ,  IN  THE  CASE  IFLAG*5,  THE  DSEB  HOST  PIBST  ALTER  THE 
EBBOB 

CBITEBIOH  TO  USE  A  POSITIVE  VALUE  OP  ABSERB  BEPOBS 
INTEGRATION 

CAR  PBOCEEO.  IP  BE  DOES  NOT,  EXECUTION  IS  TERMINATED. 

ALSO,  IN  THE  CASE  IFLAG*6,  IT  IS  NECESSARY  FOB  THE  USE*  TO 
BESET  IPLAG  TO  2  (OB  -2  9HEH  THE  ONE-STEP  INTEG8ATXPOM  HODE 
IS  BEING  USED)  AS  WELL  AS  INCREASING  EITHER  ABSERB, BELEBI  OB 
BOTH  BEFORE  THE  INTEGRATION  CAN  BE  CONTINUED.  IF  THIS  IS  NOT 
DONE,  EXECUTION  BILL  BE  TERMINATED.  THE  OCCURANCE  OF  IPLAG*6 
INDICATES  A  TROUBLE  SPOT  (SOLUTION  IS  CHANGING  RAPIDLY, 
SINGULARITY  MAY  BE  PRESENT)  AND  IT  OFTEN  IS  XHAVXSABLE  TO 
CONTINUE. 

I FLAG *7  IS  ENCOUNTERED,  THE  USER  SHOULD  USE  THE  ONE-STEP 
INTEGRATION  NODE  VITH  THE  5TEPSIZE  DETERMINED  BY  TBB  CODE 
OR  CONSIDER  SNITCHING  TO  THE  ADABS  CODE  DE/STEP. INTBP.  IF 
THE  USER  INSISTS  UPON  CONTINUING  THE  INTEGRATION  NITH  BKF45 
HE  HOST  RESET  IFLAG  TO  2  BEFORE  CALLING  RKF4S  AGAIN. 
OTHERWISE,  EXECUTION  VILL  BE  TERMINATED. 

IFLAG-8  IS  OBTAINED,  INTEGRATION  CAM  NOT  BE  CONTINUED  UNLESS 
THE  INVALID  INPUT  PARAMETERS  ARE  CORRECTED. 

IT  SHOULD  BE  NOTED  THAT  THE  ARRAYS  NORN,  IWORK  CONTAIN 
INFORMATION  REQUIRED  FOR  SOB SEQUE NT, ACCORDINGLY#  WORK  AND 
I WORK  SHOULD  BE  ALTERED. 


INTEGER  NEQN, IFLAG, IWORK (5) 

REAL  Y  (NEQW),T,TOUT#HELERB,ABS  ERR,  WORK  (1) 

IF  COMPILER  CHECKS  SUBSCRIPTS,  CHANGE  90RK(  1)  TO  WOBK 
(3*6*NEQN) 


EXTERNAL  F 


INTEGER  K  1,K2,K 3,K4,K 5,K6,K1H 


COMPUTE  INDICATES  FOB  THE  SPLITTING  OF  THE  WORK  ARRAY 

K1H-NEQMM 

K1-K1RM 

K2-KUREQN 

K3"K2+NEQW 

K4«K3«NEQN 

K5«K4  ♦WEQW 

K6«K5*WEQN 


THIS  INTERFACING  ROUTINE  MERELY  RELIEVES  THE  OSEB  OF  A 
LONG  CALLING  LIST  VIA  THE  SPLITTING  APART  OF  TWO  WORKING 


67-31 
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C  STORAGE  A BEATS.  IF  THIS  IS  NOT  COMPATIBLE  WITH  THE  USER 

C  COMPILER,  HE  MOST  HSE  RKF45  DIRECTLY. 

C 

CALL  REFS  (F,HEQN , I,T,  TOOT ,RELERRf \BSERR ,IFLAG  ,WOBK(1)  , 

1  WORK  (KIM)  ,  WOBK  (K 1)  ,W ORK  (K2)  ,  WORK  (K3)  ,  WORK  (K4  )  , WORK  (KS|  , 

2  WORK  (K6)  t  WORK  (K6  ♦  1)  ,IWOBK  (1)  f I WORK  (2)  ,IW01K(3), 

3  IWORKf  4)  ,  I  WORK  (5) ) 

C 

R  IT  DR  N 
END 


i 


s- 


*> 


67-82 


7T 


/v*> 


W.v. 


< .  - 
'  *  *  * 


■ .  t 

•  v 
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SUBROUTINE  RKFS (F,NEQN,Y, T,TOUT,RELERR, ABSERR ,IFLAG,TP, 

1  H,F1,F2,F3,F4,F5,SAYRE,  SAVAE,NFE,KOP,INIT, JPLAG, 

2  KLAG) 

FEHLBEHG  FOURTH- FIFTH  OBOER  BONGS- KOTTA  METHOD 


RKFS  INTEGRATES  A  SYSTEM  OF  FIBST  ORDER  ORDINARY  DIFFERENTIAL 
EQUATIONS  AS  DESCRIBED  IN  THE  COMMENTS  FOR  RKP45. 

THE  ARRAYS  YP,F1,F2,P3,F4,AND  F5  (OF  DIMENSION  AT  LEAST  NEQN) 
AND  THE  VARIABLES  H,SA  VRE,SAVAE,NFE,  KOP,INIT,  JFLAG.AND  IF  LAG 
ABE  OSED  INTERNALLY  BY  THE  CODE  AND  APPEAR  IS  THE  CALL  LIST  TO 
EL IHIHATL  LOCAL  RETENTION  OF  VARIABLES  BETWEEN  CALLS. 
ACCORDINGLY,  THEY  SHOULD  MOT  BE  ALTERED.  ITEMS  OF  POSSIBLE 
INTEREST  ARE  YP-DEHIVATIVE  OF  SOLOTION  VECTOR  AT  T 

H-AN  APPROPRIATE  ST EPSIZE  TO  BE  OSED  FOR  THE  NEXT  STEP 
NFE-COONTER  OR  THE  SOMBER  OF  DERIVATIVE  FUNCTION  EVALUATIONS 

LOGICAL  HFA ILD,  OUTPUT 

INTEGER  NEQN, IFLAG, NFE, KOP, INIT, JFLAG , KFLAG 
REAL  Y  (NEQN)  ,T,TOUT,  RELEFR,  ABS  ERR,  H,  YP  (N  EQN)  , 

1  FI  (NEQN)  ,F2  (NEQN)  #  F3  (NEQN)  ,F4  (NEQN)  #FS  (NEQ'i)  , 

2  SAVRE,SAVAE 

EXTERNAL  F 

REAL  A, AE,DT, EE, EEOET,ESTTOL,ET,HMIN, IER1 B, RER,S, SCALE, TOL# 

1  TOLN ,U26 ,EPS PI 9  EPS, Y PR 

INTEGER  K ,HAXNFE, RFLAG 

REHIB  IS  THE  MINIMUM  ACCEPTABLE  VALUE  OF  RELElt.  ATTEMPTS 
TO  OBTAIN  HIGBE1  ACCURACY  «ITH  THIS  SUBROUTINE  ARB  USUALLY 
VERY  EXPENSIVE  AND  OFTEN  UNSUCCESSFUL. 

DATA  REBIN/1.  E-12/ 


THE  EXPENSE  IS  CONTROLLED  BY  RESTRICTING  THE  NUMBER  OF 
FOICTIOi  EYALUATICNS  TO  BE  APPROXIMATELY  NAXNFZ.  AS  SET 
THIS  COBtESPONDS  TO  ABOUT  S00  STEPS. 

DATA  HAXN PE/3000/ 


CHECK  OUT  POT  PARAMETERS 


IF  (NEQN.LT.1)  GO  TO  10 

IF  ((RELEBI.LT.  0.0)  .OR.  (ABS  ERR.  LT.  0 . 0) )  GO  TO  10 


& 


v. 

\\V 
*  *  *> 


1 


C,*.’ 


pm 

£  v;  ^ 


t» 7-S  J 


nn  o  r»  n  no  no  noon  on  on  non  on  non 
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HFLAG-IABS  (IFLAG)  fc. 

IF  ( ( NFLAG  .EQ.  0)  .08.  (M7LAG  .GT.  8))  GO  TO  10 

IF  (SFV.AG  .NE.  1)  GO  TO  20  .  ‘ 


FIHST  CALL#  COfiPUTE  MACHINE  EPSILON 

EPS  *  1.0 
5  EPS  «  EPS/2.0 

EPSP1  *  EPS  ♦  1.0 
IF  (EPSP1  .GT.  1.0)  GO  TO  5 
026  •  26. 0*EPS 
GO  TO  50 

INVALID  INPUT 
10  IFLAG-8 
BET0KN 

CHECK  CONTINUATION  POSSIBILITIES 

20  IF  ((T  .EQ.  TOUT)  .AND.  (KFLAG  .HE.  3))  GO  TO  10 
IF  (NFLAG  .NE.  2)  GO  TO  25 

IFLAG  ■  >2  OH  -2 

IF  f  (KFLAG  .EQ.  3)  .OR.  (INIT  .EQ.  0))  GO  TO  45 
IF  (KFLAG  .EQ.  4)  GO  TO  40 

IF  ((KFLAG  .EQ.  .AND.  (AB5ERR  .  EQ.  0.0))  GO  TO  30 
IF  ((KFLAG  .EQ.  b,  .AND.  (1ELERR  . LE.  SAVRE)  .AND. 

1  (ABSERR  .LE.  SAVAE)  )  GO  TO  30 
GO  TO  50 


IFLAG  -  3#  4#5# 6#  7  OR  8 
25  IF  (IFLAG  .  EQ.  3)  GO  TO  45 
IF  (IFLAG  .EQ.  4)  GO  TO  40 

IF  ((IFLAG  .EQ.  5)  .AND.  (ABSERR  .  GT.  0.0))  GO  TO  45 


INTEGRATION  CANNOT  BE  CONTINUED  SINCE  USER  DID  NOT 
RESPOND  TO  TBE  INSTRUCTIONS  PERTAINING  TO  IFLA6*S#«#7  OR  B 
30  STOP 

RESET  FUNCTION  EVALUATION  COUNTER 
40  NFE*0 

IF  (NFLAG  .EQ.  2)  GO  TO  SO 

RESET  FLAG  VALUE  PROS  PREVIOUS  CALL 
45  IPLAC-JFtAG 

IF  (KFLAG  .EQ.  3)  BEL AG «IABS( IFLAG) 

SAVE  INPUT  IFLAG  AND  SET  CONTINUATION  FLAG  FOR  SUBSEQUENT 
INPUT  CHECKING 
50  JPLAG* IFLAG 
K FLAG-0 

SAVE  RELEBR  AND  ABSERR  FI  NPUT  ON  SUBSEQUENT 


t>7-84 


no  n  nnnn  non  o  o  no  noono 
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SAVRE*RELEHR 

SAVAE-ABSERR 

RESTRICT  RELATIVE  ERROR  TOLERANCE  TO  BE  AT  LEAST  AS  LARGE 
AS  2*EPS+REMIN  TO  AVOID  LIMITING  PRECISION  DIFFICULTIES 
ARISING  FROM  IMPOSSIBLE  ACCURACY  REQUESTS 

RER«2.0*EPS*REBIN 

IF  (RELERB  .GE.  RER)  GO  TO  55 

RELATIVE  ERROR  TOLERANCE  TOO  SHALL 

RELERR*RER 

I FLAG-3 

KFLAG-3 

RETURN 

55  DT-TOUT-T 

IF  (HFLAG  .EQ.  1)  GO  TO  60 
IF  (I NIT  -EQ.  0)  GO  TO  65 
GO  TO  80 

INITIALAT ION  - 

SET  INITIALIZATION  COMPLETION  IN DICATOR,  HIT 

EVALUATE  INITIAL  DERIVATIVES 

SET  COUNTER  FOR  FUNCTION  EVALUATIONS, NFS 

ESTIMATE  STARTING  STEPSIZE 

60  IN IT-0 
NOP-O 

A-T 

CALL  f(A,Y,YP) 

NFE-1 

IF  (T  .BE.  TOOT)  GO  TO  65 

IFLAG-2 

RETURN 


65  INIT-1 

R-ABS  (DT) 

TOLN-O 

DO  70  K«1,NEQS 

TOL-R EL ERR* ABS  (Y  (N) )  *  ABSERR 

IF  fTOL  .LE.  0)  GO  TO  70 

TOLN-TOl 

YPN- ABS  (YP  (N)  ) 

IF  (YPK*8**5  .GT.  TOL)  H» (TOL/YPK)  ••0.2 
70  CONTINUE 

IF  (TOLN  .LE.  0.0)  H-0.0 

N-AMAX1  {N  ,026  •ARAI1  (A  BS  (T)  ,  ABS  (D?)  )) 

JFLAC-ISIGN  (2, IFLAG) 


nnoonn  non  nnnn  nnnn  nnnn  non  n  no  noon  noon 
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SET  STEPSIZE  POB  INTEGRATION  IN  THE  DIRECTION  FIOH  T  TO 
TOOT 


80  tj«;.UGN(H,DT) 


TEST  TO  SEE  IF  RKP45  IS  BEING  SEVERLY  IMPACTED  BT  TOO  BANT 
0  0TP0T  POINTS 


IF  (ABSfH)  .GE.  2«d*ABS  (DT) )  ROP-KOPM 
IF  (NOP  • BE.  100)  GO  TO  65 


UNNECESSARY  FIEQOENCT  OUTPUT 
ROP-O 
I FLAG-7 
RETURN 


,v, 

,v, 

aT 


W 


85  IF  (ABS  (DT)  .GT.  026*ABStT))  GO  TO  95 

IF  TOO  CLOSE  TO  OUTPUT  POINT,  EXTRAPOLATE  AND  RETURN 


.'a 


DO  90  K-1 ,NEQN 
90  T  (K)  -T  (R)  ♦DT^YP  (K) 
A -TOUT 

CEL  F(A,  T, TP) 
NFE-NFEO 
GO  TO  300 


S 


INITIALIZE  OUTPUT POINT  INDICATOR 
95  OUTPUT-. FALSE. 


IS 


TO  AVOID  PRE8ATURE  UNDERFLOI  IN  THE  ERROR  TOLE1ANCI 
FUNCTION  SCALE  THE  ERROR  TOLERANCES 


SCALE-2. 0/REL ERR 
I E- SC ALE0  ABSENR 


STEP  BT  STEP  INTEGRATION 


100  HFAXLD-.  FALSE. 

SET  SBALLEST  ALLOCABLE  STEPSIZE 


KB  IN  •  0  2t*A8S(T) 


ADJUST  STEPSIZE  IF  NECESSA8T  TO  NIT  THE  OUTPUT  POINT 
LOON  AHEAD  T*0  STIPS  TO  AVOID  DRASTIC  CHANGES  IN  THE 
STEPSIZE  AND  TROS  LESSEN  THE  IMPACT  OF  OOTPOT  POINTS 
ON  THE  CODE. 


OT-TOUT-T 


6 


non  non  no  n n n n n n n n n n n n n n n n n n n n n n n n o n n n n  n  non 
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IF  (ABS(DT)  .GE.  2.0*A3S(H))  GO  TO  200 
IF  (ABS(DT)  .GT.  ABS  f  H) )  GO  TO  150 

THE  MBIT  S0CCESSF01  STEP  HILL  COHPLETE  THE  INTEGRATION 
TO  THE  OOTPOT  POINT 

OUTPUT*  .TRUE, 

H*DT 

GO  TO  200 
150  H=0.5*DT 


CORE  IVTEGRATOR  FOB  TARING  SINGLE  STEP 

THE  TOLERANCES  RAVE  BEEN  SCALED  TO  AVOID  PREMATURE  UNDERFLOW 
IN  COHPUTING  THE  ERROR  TOLERANCE  FUNCTION  ET, 

TO  AVOID  PROBLEHS  WITH  ZERO  CROSSING,  RELATIVE  ERROR  IS 
HEASURED  USING  THE  AVERAGE  OF  THE  HAGNITUDES  OF  THE  SOLUTION 
AT  THE  BEGINING  AND  END  OF  A  STEP. 

THE  ERROR  ESTINATE  FOR HULA  HAS  BEEN  GROUPED  TO  CONTROL  LOSS  OF 
SIGNIFICANCE. 

TO  DISTINGUISH  THE  VARIOUS  ARGUMENTS,  H  IS  NOT  PERMITTED 
TO  BECOME  SMALLER  THAN  26  UNITS  OF  ROUNDOFF  IN  T. 

PRACTICAL  LIMITS  ON  THE  CHANGE  IN  THE  STEPSIZ  TO 
SMOOTH  THE  STEPSIZE  SELECTION  PROCESS  AND  TO  AVOID  EXCESSIVE 
CHATTERING  ON  PROBLEMS  HAVING  DISCONTINUTIES. 

TO  PREVENT  UNNECESSART  FAILURES, THE  CODE  USES  9/10  THE 
STEPSIZE  IT  ESTIMATES  WILL  SUCCEED. 

AFTER  A  STEP  FAILURE,  THE  STEPSIZE  IS  NOT  ALLOWED  TO  INCREASE 
FOR  THE  NEXT  ATTEMPTED  STEP.  THIS  HAKES  THE  CODE  MORE 
EFFICIENT  OR  PROBLEHS  HAVING  DISCONTINUITIES  AND  MORE 
EFFECTIVE  IN  GENERAL  SINCE  LOCAL  EXTRAPOLATION  IS  BEING  USED 
AND  EXTRA  CAUTION  SEEMS  WARRANTED. 


TEST  NUMBER  OF  DERIVATIVE  FUNCTION  EVALUATIONS.  IF  OKAY#  TNI 
TO  ADVANCE  THE  INTEGRATION  FROM  T  TO  T^H 

200  IF  [NFE  .LE.  HAXNFE)  GO  TO  270 

TOO  MUCH  WORK 
I  FLAG*4* 

KFLAGM 

RETURN 

ADVANCE  AN  APPROXIMATE  SOLUTION  OVER  ONE  STEP  OF  LENGTH  H 

220  CALL  FEHL (F, NEQN, Y ,T,H ,YP,F1,F2,F3,F4,F5,F1) 

NFE«NFE*5 

COMPUTE  AND  TEST  ALLOWABLE  TOLERANCES  VERSUS  LOCAL  ERROR 
ESTIMATES  AND  HF^VE  SCALING  OF  TOLERANCES.  NOTE  THAT 


67.87 
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RELATIVE  ERROR  IS  HEASURED  IITH  RESPECT  TO  THE  BAGNITODBS  07 
THE  BAGRITOOES  Of  THE  S0L0TI0N  AT  THE  BEGIHIRG  A  HD  BHD  OF 
THE  STEP. 

EEOET*0.0 
00  250  K*  1.  HEQR 
ET*ABS(T(K))f  ABS  (PI  (K))  ♦AE 
IF  (ET  .GT.  0-0)  GO  TO  240 

IHAPPROPIATE  ERROR  TOLERAHCE 
I FLAGGS 
R STORM 

240  EE-ABS  ( (-2090.  0*IP  (K)  ♦  (21970.0*73  (K)-  '5048-0*74  (IQ) )  ♦ 

1  (2 2528-0*72 (K)  -27360.0*75  (K) ) ) 

250  EEOET-ABAI1  (EEOET , EE/ET) 

ESTTOL*  ABS  (H) *EECET*SCALE/752400.  0 

IF  (ESTTOL  .LE.  1.0)  GO  TO  260 


UNSUCCESSFUL  STEP 

REDUCE  THE  STEPSIZE,  TRT  AGAIN 

THE  DECREASE  IS  LIHITEO  TO  A  FACTOR  07  1/10 


HFAILD*  -TRUE. 

OUTPUT*  .FALSE. 

S*0.  1 

IF  (ESTTOL.LT.  59049.0)  S*0.  9/E5TT0L  **0.  2 
H-S*H 

IF  (ABS  (R)  .GT.  HEIR)  GO  TO  200 

REQUESTED  ERROR  ORATT AIMABLE  AT  SB  ALL  E5T  ALLOBABLS  STEPSIXE 

I FLAG -6 

RFLAC-6 

RETORR 


SOCCESSFOL  STEP 

STORE  SOLUTION  AT  T*H 

AND  EVALUATE  DERIVATIVES  THEBE 


260  T«T*H 

DO  270  K*1,REQR 
270  T  (K)  *F  1  (K) 

A-T 

CALL  F(A,T,YP) 
MFE*HFE*1 


CHOOSE  REIT  STEPSIZE 
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THE  INCREASE  IS  LIHITED  TO  A  FACTOH  OF  5 
IF  STEP  FAILURE  HAS  JUST  OCCURRED,  NEXT  STEPSIZB  IS  HOT 
ALLOWED  TO  INCREASE 

S=5.0 

IF  (ESTTOL  .GT.  1.889568E-4)  S=0.  9/ESTTOL**0. 2 
IF  (HFAUD)  S*AHIN1(Sf  1.0) 

RESIGN  (AH All  tS*ABS  (H)  , HHIN)  ,H) 

END  OF  COBB  INTEGBATOR 


SHOULD  IE  TARE  ANOTHER  STEP 

IF  (OUTPUT)  GO  TO  300 
IF  (IFLAG  .GT.  0)  GO  TO  100 


INTEGRATION  SUCCESSFULLT  COMPLETED 

ONE-STEP  BODE 

IFLAG«-2 

RETURN 

INTERNAL  BODE 
T*TOUT 
IFLAG*2 
RETURN 


r:’S  vvS*S*:y;;X; 


V  •-  *.  N. 
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StJBBOOTIIE  FERL (F, NEQN, 1,1,  H,  IP,  FI  ,  F2,  F3,F%  , F5,S) 


FEBLBERG  FOOETH- FIFTH  OBDEH  RUHGE-KUTTA  METHOD 

FEBL  INTEGRATES  1  STSTEfl  OF  VEQB  FIBST  OBDEB  ORDINARY 
DIFFERENTIAL  EQUATIONS  OF  THE  FORH 
DT (1)/DT*F  (T,Y(1).-.I  (HEQN) ) 

VBEBE  TBE  INITIAL  VALUESYp'  AID  TBE  INITIAL  DERIVATIVES 
YP (1)  ABE  SPECIFIED  AT  TBE  STARTING  POINT  T.  PERL  ADVANCES 
THE  SOLUTION  OVER  THE  FIXED  STEP  B  AND  RETURNS  TBE  FIFTQ 
OBDEB  (SIXTH  OBDEB  ACCURATE  LOCALLY)  SOLUTION  APPROXIMATION 
AT  T*H  IN  ARRAY  3(1). 

F1,..#,F5  ABE  ARRAYS  OF  DIHEN SION  NEQN  NBICB  ABE  NEEDED  FOB 
INTERNAL  STORAGE. 

THE  FORHULAS  HAVE  BEEN  GBOUPID  TO  CONTROL  LOSS  Of 

SIGNIFICANCE.  FEHL  SHOULD  BE  CALLED  RITH  AN  H  NOT  SHALLEX 
THAN  10F  ROUNDOFF  IN  T  SO  THAT  THE  VARIOUS 
INDEPENDENT  ARGUMENTS  CAR  BE  DISTING. 


INTEGER  NEQN 

REAL  Y  (NEQN)  , T, H,  YP  (NEQN)  ,  FI  (NEQN)  VF2  (NEQN)  ,  F3  (NEQN)  , 
1  F%(NEQN)#F5  (NEQN)  ,S  (NEQN) 

REAL  CR 
INTEGER  X 


CH*H/%. 0 
DO  221  X» 1f NEQN 


!•; 

CALL  F (T^CHf F5f FI) 

,  *  , 

r  % 

C 

L*  i 

CB*3.0»H/32.0 

DO  222  X»1f NEQN 

222  FS(K)«Y(X)«CB»(YP(K)  ♦3.0*F1(X)) 

CALL  F(Tf  1.0*H/8.0#F5#F2) 

CB*H/2197. 0 
DO  223  K" 1* NEQN 

223  F5  (X)  -Y  (X)  HTH*  (1932.  0*YP  (N)  ♦  (7296.  0*  F2  (K)  -  7200. 0*F1  (K) ) ) 
CALL  F(TM2.0M/13.0,P5fF3) 

CB-H/%10%.0 
DO  22%  K"  I*  NEQN 

22%  FS  (K)  »Y  (X)  KTH*  ( (83%1 . 0*YP  (X)  -8%5 . 0*F3  ( X) )  ♦ 

1  (29%%0.  0*F2  (X)  -32832. 0* FI  (X))) 

CALL  F(T*H,F$fF%) 

CB-H/20520.0 
DO  22S  X-  If  NEQN 

225  FI  (X)«Y  (X)  *CH*  ( (-6080.  0*YP  (X)  ♦  (9295.  0*  F3  (X)- 


, 

s'  s'  s 


,  •  .•  -.'s'  -'*,*-  * 
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564  3.0*74  (K  J ) )  ♦  (4 1040.0*71  (K) -28352.  0*72  (K)  ) ) 

CALL  7(T*H/2.  0,71,75) 

COHPUTE  APPRO XIBATE  SOLUTION  AT  T*H 

CB-H/76 18050.0 
DO  230  K«1,REQN 

S[K)  «T  (R)  *01*  ( (9 02880.  0*TP  (K)  ♦  (3855735.0*73  (K)  - 

137 1249. 0*74  (K) ) )  ♦(3953664. 0*72  (K)  ♦277020.0*75  (K) ) ) 


RETURN 


PAGE  22 


SUBROUTINE  RDAPRT  (IPLT ,  N 1 , N2 f KEY) 
COBHON  /LUNIO1/LUNI,LUNO,L0HOl 
DIHENSION  IPLT  (R2) 

903  POSH  AT  (2014) 

GO  TO  (1,2,3),  KEY 

1  COST  HUE 

READ  (LORI  ,903)  (I PIT  (I )  ,  Is  N1 ,  N2) 

GO  TO  4 

2  WRITE  (LUNO,903)  (IPLT  (I)  ,I*N1,  N2) 
GO  70  a 

3  WRITE  (L0RO1,9O3)  (IPLT  (I),  I*R1,N2) 
A  CORTIHOE 

RETURN 

ERD 


SUBROUTIHE  RDPRNT ( A,NB AX ,HBAX, NDIM, KEY2) 
COHHON  /LUNI01/LUNI, LO  N0,LUW01 
DIMENSION  A  (RDIH ,  1 ) 

89B  PORflAT  (5 El 6. 8) 

899  PORHAT  (8E13.5) 

900  PORHAT  (8E10.5) 

DO  II*  1, RN AX 

GO  TO  (2,3,5), KEY 2 

2  CONTINUE 

READ  (LUNI  ,900 )  (A  (I, J)  ,  J*  1  ,BB1X) 

GO  TO  A 

3  CONTINUE 

WRITE  (LUNO,899)  (A  (I , J)  ,J*1,H«AX) 

GO  TO  % 

5  CONTINUE 

WHITE  (LUN01  ,898)  (A  (I ,  J)  ,  J*  1 ,  NBA!) 

4  CONTINUE 
1  CONTINUE 

RETURN 

END 
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SUBROUTINE  fCTINT  (X,N,  10) 
DIMENSION  X  (IT) 

DO  11*1,1 
X(I)  *0.0>XO 
1  CONTINUE 
RETURN 
END 


SUBROUTINE  HTRIHT  (A, N,  B,  NDIH,  AO) 
DIMENSION  A (NDIH  ,  1 ) 

DO  1I*1,H 
DO  2J*  1, B 

a  (i, j)  *o.o>io 

2  CONTINUE 
1  CONTINUE 
RETURN 
END 


SUBROUTINE  RDPRT1  (X,N, KEY2) 
COHHON  /LUBI01/LUNI, LUNO  ,LUB01 
DIMENSION  X  (N) 

097  70RB AT (8E1 0*  5) 

898  FORBAT  (5E1  6. 8) 

099  FORMAT  (8E1 3.  5) 

900  FORBAT  (8E10.  3) 

GO  TO  (1,  2,4,5, 6)  ,  KEY2 
6  CONTINUE 

NHITE  (tUWOl,890)  (X(I)  ,1*1,1) 
GO  TO  3 
5  CONTINUE 

READ  (LUNI,898)  (X(I),I*1,N) 

GO  TO  3 
•  CONTINUE 

WRITE  (LUN01,898)  ( X ( I|  ,1  =  1, N) 
GO  TO  3 

1  CONTINUE 

READ  (LUNI ,900)  (I (I) ,1*1, N) 

GO  TO  3 

2  CONTINUE 

WRITE  (LONG, 899)  (X  (I)  ,  1*1,8) 

3  CONTINUE 

RETURN 
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SUBROUTINE  GUI  NT  (NR ,  JC  ,  A, U , BR* BT) 
DIBLSS ION  A  ( 1)  r  U  ( 1)  ,  S  ( 3  0) 

cobron/rai vi/v din 

COBBON/INOU/KIN, KO OT 

NDIB1*M0I!U1 

TOL-  1,  E-  14 

ADT-1.B-24 

BR"*NC 

NHB1-NR- 1 

TOL  1*0. 

JJ-1 

DO  10  J-1,NC 
S ( J) -DOT  (NR,A(JJ)  ,A  (JJ) ) 

IF  (S  (J)  .GT.TOL  1)  TOL1-S  ( J) 

10  JJ-JJ+VDIR 
TOL1-ADT*TOL 1 
AD  T-TOL1 
JJ-1 

DO  100  J-1,MC 
FAC-S  ( J) 

JB1-J-1 
JRB-J J ♦  NIB  1 
JCB-JJMBI 
DO  20  I=JJ,JCfl 
20  0(I)*0. 

U(JCB)  -1.0 

IF  (J.  EQ.  1)  GO  TO  54 

KK*  1 

DO  30  K*1,JR1 

IF (S  (K) .IQ.  1.0)  GO  TO  30 

TEBP—  DOT  CNR, A  (JJ)  ,A  (KK)  ) 

CALL  ?ADD(K.TEBP,0  (JJ)  ,U(KK)  ) 

30  RK-RMNDIB 
DO  50  L-  1,  2 
RR-1 

DO  50  K«1#JB1 

IF  (S  (R).EQ.O.)  GO  TO  50 

TEBP*-DOT(FR,A  (JJ)  ,A  (KK)  ) 

CALL  TADD(NI#TEflP,A(JJ),A(K*)) 
CALL  V  ADD(K#TERP#  0  (JJ|  #U(KK)) 

50  **«**♦  NDIB 

TOL1-TOL*FAC ♦A DT 
FAC»DOT(NR  #A  (J  J)  ,A  (JJ)  ) 

54  ir  (FAC.GT. TOL1)  GO  TO  70 
DO  55  I»JJ,JRR 

55  A(I)«0. 

S(J) *0. 

RK*  1 

IF  (S  ( K )  •  EQ  .  0.)  GO  TO  65 

DO  65  R-1,JB1 

TtRP— D0T(K,0(KK)  ,0(JJ)  ) 

CALL  TADD(NP,TEBP#A  (JJ )  ,  A (EX) ) 


65  KK*KK»NDIfl 

PJLODOT  ( J ,  0  (JJ)  ,0  (JJ) ) 

HR*HR-  1 
GO  TO  75 
70  CONTINUE 
S[J)*1.0 
KK*  1 

DO  72  K* 1 , JH1 

IF(S(K)  -EQ.1.)  GO  TO  72 

TBBP— DOT  (NR,  A  (JJ)  ,1  (KK) ) 

CALL  7ADD(K,TEHP,0(JJ)  ,0(KK)  ) 

72  KK*KK*  NDIH 
75  FAC*1./SQRT(FAC) 

DO  60  I*  JJ  ,  JRH 
80  At  I)  "A  (I)  *FAC 
DO  85  I* JJ  ,  JCH 
85  0  (I)  =0  (I)  *  FAC 
100  JJ*JJ*NDIH 

IP (BR. EQ-NR-OR.NR- EQ-NC)  GO  TO  120 
IF  (BT. NE- 0 ) WRITE  (ROOT, 110)  NR, NC, HR 
110  FORHAT  (13,  1HX, I2,8H  fl:  RANK, 12) 

120  NEND*NC*NDXH 

JJ  =  i 

DO  135  J*1,NC 
DO  125  1*1 , NR 
II*I-J 
S(I)-0. 

DO  125  KK* JJ,VEND, 1DIR 
125  S(I)*S(I)  ♦A(II^KK)  *0(KK) 

II-J 

DO  130  1*1, NR 
OCII) *s  ID 
130  II*II+NDIH 
135  JJ*JJ* IDIH  1 
RETTIBN 
END 
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SUBROUTINE  TRXBXP (TR ,  PHI , THETA, PSI, S,NDIS1) 
TH ANSPORRATION  PROB  XFRARE  (I NERT)  TO  XBODT 
COORDINATE  STSTEH  COBPONENTS. 

REAL*8  CPH ,  SPS ,CTH ,STH ,CPS ,SPS 
SIRENS 101  TB (I  DIR  1,1) 

CPB  *  COS  (PHI) 

SPH  «  SIB  (PHI) 

CTH  *  COS  (THETA) 

STB  *  SIN  (THETA) 

CPS  *  COS  (PSI) 

SPS  *  SIR  (PSI) 

C  XBODT  (I)  -  TR(I,J)  UFBARE(J) 

TR  (1,1)  *  CTH*CPS 
TR  ( 1 , 2)  *  CTB*SPS 
TR  (1,3)  *  -STH 

TB (2, 1)  *  -CPH *SPS  ♦  SPH*STH*CPS 
TR  (2,2)  *  CPH*CP5  ♦  SPH*STH*SPS 
TR  (2,  3 )  *  SPH*CTH 
TR  ( 1r 1 )  *  SPH* SPS  ♦  CPH*STH*CPS 
TR  (3,2 )  *  -SPH*CPS  ♦  CPH*STH*SPS 
TR  (3,3)  *  CPH*CTH 
IPBTOP  *  2 
IPBTOP  *  1 

IP (IPRTOP. EQ„ 2)  CALL  RDPR NT (TB, B, N , NDI H 1 ,2) 

RETURN 

END 


»* 
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SUBROUTINE  TRXTXB [TB, PHI, THETA, PSI,  N,NDIfl1) 
?R ARSPORRATIOR  FROI!  XBOOY  TO  XFBARB  |I BERT) 
COOKDI BATE  SISTER  COHPORERTS. 

REALMS  CPH,SPH,CTH,STH,CPS,SPS 
DI flEISIOK  TR  (R0X91,1) 

CPH  «  COS  (PHI) 

SPH  *  SIR  (PHI) 

CTR  *  COS(THETA) 

STH  *  SIR  (THETA) 

CPS  *  COS (P SI) 

SPS  -  SIR  (PSI) 

C  XFHABE(I)  »  TR  (I,J)*XBOM  (J) 

TR  (1,1)  -  CTR*CPS 

TR  (1,2)  *  -CPH*SPS  ♦  SPR*STH*C P3 

TR  (1, 3)  »  SPH*SPS  ♦  CP R * STH ♦CPS 

TR  (2,1)  *  CTH*S?S 

TR  (2, 2)  *  CPH*CPS  ♦  SPH* STH* SPS 

TR  (2* 3)  *  -SPE  *CPS  *  CPR*STH*SPS 

TR  (3,1)  «  -5TH 

TR  (3,  2)  *  SPR*CTH 

TR  (3,3)  *  CiWCTS 

IPRTOP  *  2 

IPRTOP  «  1 

IP  (IPRTOP.  EQ.2)  CAil  ROPRST  (TBf  *,  H  ,R»mi  ,2) 

RETuHK 

fRB 
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SOBROOTINE  ANGVTR  (TR,PHI , THETA, P SI  ,  N,NDIM1) 

C  TRANSFORMATION  FBOM  XBODT  TO  XFBAME  (IN ERT) 

C  COORDINATE  SISTEM  COMPONENTS. 

REAL*8  CP3,  SPH,CTH,STH  ,CPS  ,SPS,TNTH  ,SCTH 
DIMENSION  TB  (NDIM 1  ,  1) 

CP H  =  COS  (PHI) 

SPH  =  SIN  (PHI) 

CTH  =  COS  (THETA) 

STH  *  SIN (THETA) 

CPS  =  COS(PSI) 

SPS  =  SIN(PSI) 

TNTH  *  STH/CTH 
5CTH  =  1-C/CTH 

C  ANGTFR  (I)  *  TR  (I,J)*ANGVBD (J) 

TR(1,1)  =  1.0 
TR(1,2)  =  SPH*TNTH 
TR  ( 1, 3)  =*  CPH*TNTH 
TB  (2,1)  =  0.0 
TR  (2,2)  *  CPH 
TR  (2,3)  =  -SPH 
TR  (3,  1)  *  0.0 
TR  (3,2)  =  SPH*SCTH 
TR  (3, 3)  =  CPH* SCTH 
IPRTOP  *  2 
IPRTOP  =  1 

IF  (IPRTOP.  EQ-  2 )  CALI  BDPRNT  (TB,  N,  N,  N  DIM  1,  2) 

RETnHN 

END 
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SUBROUTINE  IXIJTB (IIXI J ,IL 1 , XL2, XL3 , XH B, NDIM1 , IGCOPT, ITHOPT) 
SRSP  TO  DEFINE  SHIFTED  INERTIA  NATRIX/2ND  ORDEH  TENSOR, 

I-  B.,  AXES  ABE  SHIFTED  (SAY  PROS  ZH  TO  ARBITRARY  POINT  0). 
NOTE  THAT  CONST  1  =  1  POR  XCH  TO  POINT  XO  TRANSFORMATION, 
CONST  1  =  2  FOR  XO  TO  POINT  XCfl  TR A  NS PORN ATI ON. 
DIHENSION  XIXIJ  (NDIM1,  1) 

GCONST  =  32.17*1 
C0NST1  *  1.0 

IF (ITBOPT, EQ.2)  C0NST1  =  -1.0 
XH ASS  =  IHB 

IP (IGCOPT. EQ.2) IHASSsXHASS/GCONST 

IGCOPT  *  1 

XL1SQ  *  XL  1*XL  1 

XL2SQ  *  XL2*XL2 

XL3SQ  *  XL 3* XL  3 

XIXIJ(1,1>  =  XIIIJ(1#1)  -  C0NST1 *XH ASS*  (XL2SQ  ♦  XL3SQ) 

XIXIJ  (1,2)  *  XIXIJ  (1,2)  ♦  CONST  1*XH  ASS*  (XL  1* XL 2) 

IIXU(1,3)  -  XIXIJ  (1,3)  ♦  CONST1  *XH ASS*  (XL1*XL3) 

XIXIJ  (2,1)  *  XIXIJ  (2,1)  ♦  CONST  1*IH  ASS*  (XL 2* XL  3) 

XIXIJ  (2, 2)  *  XIXIJ  (2,2)  -  CONST1*XNASS*  (XL1SQ  ♦  XL3SQ) 

XIXIJ (2, 3)  a  XIXIJ  (2,3)  ♦  CONST1*X8ASS* (XL2* XL3) 

XIXIJ  (3,1)  *  XIXIJ  (3,1)  *  CONST1*XH  ASS*  (XL3*XL  1) 

XIXIJ  (3,  2)  «  XIXIJ  (3,2)  ♦  C0NST1*XHASS*  (XL3*XL2) 

XIXIJ  (3,3)  *  XIXIJ  (3, 3)  -  C0NST1*XBASS*  (XL1SQ  ♦  XL2SQ) 

IPHTOP  «  2 
IP STOP  *  1 

IP  (IPHTOP.  EQ.2)  CALL  BDPRHT  (XIXIJ,  3,3,  HD1H1,  2) 

RETURN 

END 
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SUBROUTINE  IXI JRP (XL1, XL2, XL3,  RHOB,  XNB, XIZIJ ,NDIN1 , 

*  I NAS SO, IGCOPT) 

DINENSION  XIXIJ (NDIN 1,  1) 

IL 1  =  RECTANGULAB  PARALLELEPIPED  LENGTH  IN  XI  OH  U1 
BODY  BOLL  AXIS  DIRECTION. 

XL2  =  RECTANGULAR  PARALLELEPIPED  LENGTH  IN  12  OR  U2 
BODY  PITCH  AXIS  DIRECTION. 

XL3  =  RECTANGULAR  PARALLELEPIPED  LENGTH  IN  X3  OB  U3 
BODY  YAW1XIS  DIRECTION. 

IflASSO , IGCOPT  *  NASS  CALCULATION,  GC  UNIT  CONVERSION 
FLAGS,  RESPECTIVELY. 

BHOB  =  HASS  DENSITY  OF  BODY. 

XNB  =  NASS  OF  THE  BODY  IF  KNOWN  A  PRIORI. 

MDIH1  *  ROB  DIHENSION  ALLOCATION  FOR  INERTIA  NATRIX 
(2ND  ORDER  TENSOR)  . 

ZER  =  0.0 
UNI  =  1.0 
GCONST  *  32.174 
IF  (IHASSO-  1)  1,  1,2 

1  CONTINUE 

XN  ASS  =  RHOB*XL 1*  XL2*XL3 
GO  TO  3 

2  CONTINUE 
XNASS  =  XNB 

3  CONTINUE 

IF  (IGCOPT. EQ.2) XNASS  =  XNASS/GCONST 
IGCOPT  =  1 

CALL  HTRINT  (XIXIJ, 3,3,  NDIH1, ZER) 

XFACT1  *  (  1.0/12. 0)*XHASS 
XL1SQ  *  XL  1*XL1 
XL2SQ  *  XL 2* XL 2 
XL3SQ  *  XL 3* XL 3 

XIXIJ  (1,1)  =  X FACT  1*  (XL2SQ  ♦  XL3SQ) 

XI XI J (2,2)  *  XFACT 1* (XL1 SQ  ♦  XL3SQ) 

HXIJ(3,3)  =  XFACT 1*  (X  L1SQ  ♦  XL2SQ) 

IPRTOP  *  2 
IPRTOP  *  1 

IF (IPRTOP. EQ.2) CALL  RDPRNT  (XIXIJ ,3 , 3 , NDIHl ,2) 

XNB  =  XHAC  S 

RETURN 

END 
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SUBROUTINE  OHGDEF  (CHGHTR,R,P,Q,NDIM1) 

'BOLL,  PITCH,  AND  TAW  RATE'  -  'SPINOR'  MATRIX  IN 
BODY  COORDINATE  REFERENCE  SYSTEM. 

DIMENSION  OMGHTR (NDIHl , 1) 

ZER  =0.0  — ~ 

CALL  HTRINT (OMGHTR ,3, 3 ,NDf HI ,ZER) 

OMGHTR  (1,2)  =  R 
OMGHTR  (1,3)  =  -Q 

OMGHTR  (2 ,3 )  *  P  'v 

OMGHTR (2,1)  =  -OMGHTR (1,2) 

OMGHTR  (3,1)  =  -OMGHTR  (1,3) 

OMGHTR (3,2)  =  -OMGHTR ( 2 , 3)  VV 

RETURN  Jfp- 

END 


SUBROUTINE  TEC  AXB  (A1,A  2,  A3, 3 1,  B2,  B3 , Cl , C2, C3) 

Cl  *  A2*B3  -  A3*B2 

C2  =  A3*B1  -  A 1*B3 

C3  *  A 1*B2  -  A2*31 

RETURN 

END 


SUBROUTINE  f  AH  AIB  (A,B,  C,  ND IR)  %V 

DIMENSION  A(NDIR)  ,B(NDIR)  ,C(NDIR) 

C  (1)  *  A  (2 )  *B  (3)  -  A  (3  )  *B  (2)  to! 

C(2)  *  A  (3)  ♦B  ( 1)  -  A  ( i )  •  B  ( 3)  ]T:y 

C(3)  *  A  ( 1)  *B(  2)  -  A  (2)  *B  ( 1)  >„V 

RETURN 

EN  D  .*  V" 


SUBROUTINE  EQYHTR  (A,B,  N1 ,N2, NDIHA, NDIHB) 


DIMENSION  A  (NDIHA,  1) ,B  (NDIHB, 1) 

DO  111*1,  N1  V.' 

DO  212*1, N2  -V- 

B ( 1 1 , 1 2)  *  A  (1 1,12) 

2  CONTINUE 
1  CONTINUE 

RETURN  | V 

END 
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SUBROUTINE  HATPRD(A,X,XK,Nl,N2, NDIH 1 ) 
DIMENSION  A(NDIH1#  1)  ,X  (R2)  ,XK(N1) 
EPSTOL  =  1.0E-08 
DO  111  =  1 ,N  1 
SUH  =0.0 
DO  212=1 ,N2 

IP (IBS (A (11,12))  .IE.  EPSTOL) GO  TO  2 
IF  (ABS  (X  (12) )  .IE.  EPSTOL)  GO  TO  2 
SUH  *  SUH  ♦  A(I1,I2)*X  (12) 

2  CONTINUE 
XK  (1 1)  =  SUH 
1  CONTINUE 
RETURN 
END 


FUNCTION  XJFIRF  (AHPFLR,  PHSFLR,  XFREQ ,T) 

DEFINITION  OF  X(JF)  FLOOR  NOTION  AS  FUNCTION  OP  TIHE 

AT  (IR)TH  VIBRATION  ISOLATION  SUPPORT  LEG  LOCATION. 

PI  =  3.1415926535 

PIT2  =  2.0*PI 

EPSTOL  =  0.5E-06 

ZER  =0.0 

DEGRAD  =  PI/180.0 

PPHSFL  =  DEGR1 D*PHSFLR 

ONEGA  =  PIT2*XFREQ 

AAHFLR  =  AHPFLR 

CSOHPH  =  COS  (ONEGA*T  -  PPHSFL) 

IF  (ABS  (AAHFLR)  -  EPSTOL)  1,  1,2 

2  CONTINUE 

IF  (ABS  (CSOHPH)  -  EPSTOL)  1,1.3 
1  CONTINUE 
XJFIRF  -  ZER 
GO  TO  4 

3  CONTINUE 

XJFIRF  =  AAHFLR*CSCHPH 

4  CONTINUE 
RETURN 
END 
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APPENDIX  D 


TFVMHF02 : 


Fortran  IV  Software  Package  for  Temporal  Filtering 
Analysis  of  the  Effect  of  Vibratory /Acoustic 
Motion  on  Fringe  Modulation 
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COMMENT:  TFVMHF02- FTN; 1 

DRIVER  PROGRAM  TFVMHF  -  DRIVER  FOR  TEMPORAL  FILTERING 
OF  HOLOGRAMS  RELEVANT  THE  IMPACT  OF  VIBRATORY  MOTION 
ON  DIFFERENTIAL  HOLOGRAM  FRINGE  MODULATION  FUNCTION. 


IMPLICIT  REAL* 8  (A-H,0-ZJ 
COMMON  /LOHIOI/LD  NI,L0  NO, LUNOI 

C  *********************************************************** 

DIMENSION  APDS  EP (50) 

DIMENSION  IJNKA  (500)  ,XYNKA  [500) 

DIMENSION  FI (1 5)  ,F2{15)  , DELF12  (15) 

DIMENSION  VAHPEI  (50) , TSA MPH ( 15) , XFR EQ (50)  ,ALPRAE(15)  , 

*  BETAS!  ( 15) 

DIMENSION  IFRM DF  (50) , MXTNDF (50) 


895  FORMAT (1R0) 

896  FORMAT  (1  Hi) 

897  FORMAT  (/) 

898  FORMAT  (///) 

899  FORMAT  (8E13.5) 

900  FORMAT  (8E10.5) 

901  FO  RMAT  ( 1615) 

902  FORMAT  (8E16.8) 

LONI  =  1 
LDNO  =  4 
LONOI  *  5 

OP EN (UNIT  =  LONI,  TIPE  =  'OLD',  NAME  =  •  TFVMHFIS.DAT*, 

*  ERR  *  99) 

c  I********************************************************** 

NDIH1  *  500 
NDIH2  -  50 
NDIMJ  =  15 
NDIMFR  =  50 
EPSTOL  =  0.5E-15 
ONI  *  1.0 
ZER  =  0.0 
PI  *  3.1415926535 
PIT2  =  2.0  *PI 
PIS2  =  PI/2.0 
DEGRAD  *  PI/180.0 
RADDEG  =  180.0/PI 


CALL  RDAPRT  (AP  DSEP , 1 , 2 0,  1) 

READ  (LONI, 901)  NO ISMI , MX V AMP , IF1 F2 D , MIA LPH , MXBETA, HITS MP 
READ  [LUNI ,900 )  CLFV, H ET PRQ, HTLMDA 
CALL  R  DPRT1  (VAHPEX  ,f!XV  AMP  ,  1) 

CALL  IDPRT1  (FI  ,irif2D,  1) 

CALL  RDPRT1(F2,IF1F2D,  1) 

CALL  RDPBT1  (DELF12, IF1 P2D,  1) 

CALL  R  DPRT  1  (ALPHA  E ,MXA  LPH, 1) 
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CALL  RDPBT1  [BETAEX ,HXBETA, 1) 

CALL  R  DPBT 1 (TS AHPH ,HXTSHP, 1) 

WRITE  (LORO, 896) 

CALL  RDAPRT (APDSEP, 1, 2  0, 2) 

WRITE  (L  OHO ,  89  8) 

WRITE  (LORO,  90  1)  HBESHX , HXTAflP ,IF1 P 2D , HXALPH , flXBETA,HXTSHP 
WRITE  (LORO, 898) 

WRITE  (LORO,  899)  CLP?,  RETFRQ,HTLHDA 
WRITE  (LOWO,898) 

CALL  RDAPRT  (APDSEP,  1,20,2) 

WRITE  (LORO, 897) 

CALL  RDPRT1(VABPEX,axVAHP,2) 

WRITE  a<niO,898) 

CALL  R DAPRT (APDSEP ,1,20,2) 

WRITE  (LOHO,897) 

CALL  RDPRT1  (F1,IF1F2D,  2) 

WRITE  (LOWO,897) 

CALL  R  DPRT  1  (F2  ,  IF1 P2D,  2) 

WRITE  (LORO, 897) 

CALL  R DPRT 1 (DELF1 2,IF1 F2D, 2) 

WRITE  (LOHO,898) 

CALL  R DA PR T( APDSEP, 1,20, 2) 

WRITE  (LORO, 897) 

CALL  RDPRT  1  (ALPHAE,HXALPH,  2) 

WRITE  (LORO, 897) 

CALL  RDPRT  1  (BETAEX, HXB ETA , 2) 

WRITE  (LORO, 898) 

CALL  R  DA  PRT(  APDSEP, 1,20, 2) 

WRITE  (LORO, 897) 

CALL  R  DPRT  1  (TS  AHPH ,  RITSHP,  2) 

WRITE  (LORO, 898) 

CALL  R  DAPRT (APDSEP, 1, 2  0,2) 

CALL  RDAPRT  (APDSEP, 1,20,  2) 

WRITE  (LORO,  898) 


CALL  ALVCPD  (ALPHAS, HXALPR, DEGRAO,  1) 

CALL  ALVCPD (BET A EX, RIB  ETA, DEGRAD, 1) 

DO  111*1, BXfAHP 
TT  AH  EX  *  VAflPEX(II) 

DO  212=1, IF1F2D 
FF  1  *  F 1  ( 1 2) 

FF2  *  F2  (12) 

0DLF12  =  DELF1 2 (12) 

CALL  XFECCL  (XFREQ,JHXFRQ,HDIHFB,  FF1 ,  FF2,  DDLF12,  1) 
DO  313*1, HXALPH 
AALPHA  =  ALPHAE  (I  3) 

DO  414*1, HXBETA 
BBETAE  *  BETAEX  (14) 

DO  515*1, HXTSHP 
TTSHPH  *  TSAHPH  (15) 

DO  616*1, JBXFIQ 
TXFREQ  *  XFREO  (16) 

XO H EGA  *  P IT2*  XXFR  EQ 
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XK  *  PIT2/HTLHDA 
SKA  *  XK*VfAHEX 

ZKABG  *  SKI*  (OCOS  { AALP  HA)  ♦  DCOS  (BBETAE)  ) 

LIN  *  NBESHX 

CALL  S  PB  ES  S (IK  ABG , ZER,  LIN, EPSTOL  ,  X J  NK A , XTNKA , DON  NT , 

♦  IP»NDIN1) 

NNBSHX  *  LIN 

SBCABG  »  OHEGJ *TTSHPH/2.  0 

EPS7HN  *  1.0 

CCSWTA  *  1.G 

SSNVTA  =  0.0 

CSVTAB  *  DCOS (SNCABG) 

SNVTAR  *  DSIN( SNCABG) 

ICITER  *  ICNTEB  ♦  1 
SON  *  O.C 
DO  717*1 , MMBSRX 
XI7  *  17 

IP  (17  -  1)  10,10,11 

10  CONTINUE 
SNCFCH  *  ONI 
GO  TO  12 

11  CONTINUE 
EPSVNH  =  2.0 

IF  (DABS  (SNCABG)  -  EPST OL) 1 0, 10 . 1 3 
13  CONTINUE 

SNCFCN  *  SSNVTA/  (XI7*5NCARG) 

12  CONTINUE 

SUN  =  SUN  ♦  EPSTHN*XJNKA  (17)  •SNCFCN 

CALL  CPLXQB  (CCSNTA , SSNVTA, CSNTAR , SIWTAB, XDUN 1,XDUH2,1) 
CCS VTA  *  XDUNl 
SSNVTA  *  XDUH2 
7  CONTINUE 

XFRHDF  (16)  *  SUN 
NXTHDF  (16)  *  NNBSHX 
6  CONTINUE 

CALL  R  DP IT  1 (XFRHDF,JHXFRQ, 2) 

VIITE  (LUNO,898) 

CALL  RPIPIT(BITHDF,1,JHXFRQ,2) 

WHITE  (LONO ,898) 

5  CONTINUE 
9  CONTINUE 
3  CONTINUE 
2  CONTINUE 
1  CONTINUE 

CLOSE  (UNIT  -  LUNI  ,DIS  P  *  •  KEEP*  ,  SIR  *  99) 

99  CONTINUE 
STOP 
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SO  BBOUTIH  E  SPBESS  (X,OI,HTft,EP,  BBJ,B8I,CN  ,IP,  HDIBJH) 
DIHEHSIOI  BBJ(HDIHJI)  ,  BBT (HDIHJH) 

IHPLICIT  DOOBLE  PHECISIOH  (A  -H,  0  -  Z) 

HTHHAX  *  399 

IP  ( I  -  1,0 E-OS) 101,101,10 

101  CO ITIMOE 

WHITE  (LOIO, 102) 

102  POHHAT (/20Z, 18BST0P  101  IS  BESSEL  /) 

STOP 

10  COHTIHOE 

IP  (ITH  -  ITHMZ)  12,12,  121 

121  COBTIHOE 

WHITE  (1010,122) 

122  POHHAT  (/20X,  18HSTOF  121  IB  BESSEL  /) 

STOP 

141  COBTIHOE 

WHITE  (LOHO,142) 

142  POHHAT  (/20X,  18HSTOP  HI  IB  BESSEL  /) 

STOP 

12  COBTIHOE 

IP  (01*  (1.0-01))  141,210,210 
210  COBTIHOE 
IP  ■  1 

ESTIHATE  THE  BESSEI  PTJNCTIOH  OP  BAXIHOf!  OIOER. 

HO  -  0 
IOT  -  X/2.  0 
0  »  01 

XTO  *  XOT**OI 

GAB  *  GASH  A  (01  ♦  1.0) 

TI  -  XTO/GAH 
PI  -  3.  14  1  59  26  5  3  5 
TO  I  ■  I.O/XOT 
W  *  TOX/PI 
15  COBTIHOE 
TH  -  TI 
HO  *  HO  ♦  1 
0  -  0  •  1.0 
TI  «  XOT*TH/0 
IP (TI  -  EP)  151,15,  15 
151  COHTIHOE 
HO  ■  HO  -  2 
0  •  0  -  2.0 

IP  HO  .LT.  WTH  THEH  SET  HTfl  -  HO  AH  0  IP  *  2 

IP  (HO  -  ITS)  IS  1,  16, IS 
161  COHTIHOE 
IP  •  2 
HTS  •  HO 
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16  CONTINOE 
BJP  *  Tfl 

COMPOTE  J(HtHI)  /J  (NO)  BT  CONTIHOED  FRACTION 

0*0  ♦  1.0 
NU  *  HO  ♦  1 
IF(0  -  I)  201,201,  20 

201  COSTIHDS 
PRIKT  20  2,  U,X 

202  FORMAT  (/10X,11HHAX  ORDER  *  1PE14.7, 1 0X , 1 0HAR GUHEHT  *  , 

•  1PE14.7,/, 10X , 40HCONTINUED  FRACTION  EVALUATION  IS  SOSPECT  /) 

20  COHTIHOE 
IK  MT  *  0.0 
AKHO  *  1.0 
BKHT  *  1.0 
BKHO  *  TOX*0 
RK  *  AKBO/BKHO 
RH  *  0.0 

SA  -  -1.0 
OK  *  0 

DP  *  1.0E-08 

21  COHTIHOE 

IF (DABS (1.0-  RH/RK)  -  DP) 22,21 1,211 
211  CONTINUE 
RH  *  RK 
OK  *  OK  ♦  1.0 
SB  *  OK*TO  X 
AK  «  SB* AK HO  ♦  SA • AKHT 
BK  *  SB*BKHO  ♦  SA*  BKHT 
RK  -  AK/BK 
AKHT  -  AKSO 
AKHO  *  AK 
BKHT  *  BKHO 
BKHO  *  BK 
CO  TO  21 

22  COHTIHOE 

BJ  -  BJP/RK 

IF  X  .Lf.  8  COMPOTE  NO  RHALIZATION  CONSTANT,  Y(OI),  AND 
T  ( 01  ♦  1)  BT  SERIES  (PATH  80).  IF  I.GE.  8  USE  PHASE 
AMPLITUDE  METHOD. 

IF  (X  -  8.0)80,221  ,221 
221  COHTINOE 

NO-NO  -  1 
0  -  0  -  1.0 
CO  TO  (30, 40), IP 
30  COHTINOE 

NH  *  NO  -  NTH 
DO  261*1, HN 
BJM  *  U*  TO  I  *  BJ  -  BJP 
NO  *  NO  -  1 
0  -  0  -  1.0 
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BJP  *  BJ 
BJ  *  BJB 
26  CONTINOE 
40  CONTINUE 

BBJ  (NO  ♦  1)  *  ?J 
DO  351*1, NTH 
BJH  *  U*TO X*BJ  -  BJP 
BBJ (NO)  «  BJB 
BJP  *  BJ 
BJ  *  BJB 
NO  *  NO  -  1 
0  *  0  -  1.0 
35  CONTINOE 

All  -  OI*OI  -  0.25 

A2  *  0.5*AL1 

AL2  *  AL 1*  AL1 

A«  *  AL2/24. 0  -  All/4.0 

AI3  *  AL 2* AL  1 

A6  *  (1.0/80.0)  *AL3  -  (7.0/20.0)  *AL  2  ♦  0.75*AL1 
AL4  *  AL3*AL1 

A0  *  (  1.0/1792.0)  *AL4  -  (95. 0/224. 0) *AL3  ♦  (807.0/224.0)* 

*  AL2  -  (315.0/56. 0)*AL1 
AL5  *  AL4*AL  1 

A10  *  (7./2304.  )*AL5  -  (3S./72. )  *AL 4  ♦  ( 1975./192.  )  *AL3  - 

*  (58. ) *AL2  ♦  (315./4.)  *AL1 
T5  -  1.0/1 

T2  *  T5*TS 
T4  *  T2*T2 
T6  *  T4*T2 
T8  -  T6*T2 
T10  *  T8*T2 

TPHI  *  1.0  ♦  A 2*T2  ♦  A4*T4  ♦  A6*T6  *  A8*T8  ♦  A10*T10 
FBI  -  TPHI/T5  -  (01  ♦  0. 5)  •  (PI/2.0) 

A2  *  0.25*AL1 

A4  *  (S./32.) *AL2  -  (3 ./8. ) *AL 1 

A6  *  ( 15./ 128.  )  *AI3  -  (37. /32.  )  *AL2  ♦  (15./8.)*AL1 

A8  *  (  195./204  8.)  *AL4  -  (6  1 1  ./256.)  *AL3  ♦  (182  1./12B.)  *AU  - 

•  (315./16.)  *AL1 

A10  -  (663./8192.  )*AL5  -  (4  199./1024.  )  *A14  ♦  ( 2981 1./5 12.)  *AL3  - 

•  (2223-/8.)  *AL  2  ♦  (2835./8.J  *AL1 

BN 0  •  1.0  ♦  A2*T2  ♦  A4*T4  ♦  A6*T6  *  A8*T8  ♦  A10*T10 
SQN  *  SQNT  (1) 

AMO  *  SQH*BNO 
CS  -  DCOS(PBI) 

SS  *  DSIN(PHI) 

FJ  *  ANn*CS 

FT  •  A NU*SS 

CN  -  FJ/BBJ  (1) 

FJP  -  CN*BBJ  (2) 

AB  -  DABS  (FJ) 

IF  J[OI)  IS  NOT  CLCSE  TO  ZERO,  CALCULATE  T  (U I  »1)  FBOB  THE 
*RONSKIAN  CONOITIOR.  IF  IT  IS  CALCULATE  THE  DEIIUTIVE  OF 
T  (01)  . 
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C 

IF  (AB  -  0-001)  36,361,36 1 
361  CONTINUE 

FYP  =  ( FT  *  F  J  P  -  9)/FJ 
GO  TO  50 
36  CONTINUE 

A2  =  (5-/2.  )*A  2 
Itt  =  [9-/2. )*A4 
A6  *  (  13-/2.) * A6 
A8  *  (17./2.)*A0 
A10  =  (21. /2.)  *A  1  0 

ANP  *  0-50  ♦  A2*T2  ♦  A4*T4  ♦  A6*T6  ♦  A8*T8  ♦  A10*T10 
ANP  =  -TS*SQW* ANP 
PHIP  =  W/(ANU*ANU) 

FTP  *  ANP*SS  ♦  PHIP*FJ 
FTP  =  UI*TS*FY  -  FTP 
FJP  *  ANP*CS  -  PHIP*FY 
FJP  =  DI*TS*FJ  -  FJP 
CN  *  FJP/BBJ  [2) 

GO  TO  50 

SERIES  CALCULATION  OF  NORH ALIZ ATION  CONSTANT,  Y(UI),  AND 
T(UI  ♦  1).  START  THE  SERIES  SUMMATION  AT  THE  LARGEST  EVEN 
INTEGER.  IF  NU  IS  ODD  SET  JP  *  1,  IF  NU  IS  EVEN  SET 
JP  *=  2. 

80  CONTINUE 
KU  *  NU/2 
ANOT  =  GAB/ ITU 
AN  *  [UI  ♦  2-) ♦ANOT 
TOP  =  2.0/PI 
BN  *  0.0 

IF  (UI  -GT.  0.99995)GO  TO  01 
BN  *  TOP* (UI  ♦  2.) *ANOT*ANOT/(1-  -  UI) 

01  CONTINUE 
TOI  -  UI*UI 
IF  (KU  -  2)  84,841,841 
041  CONTINUE 

DO  83K*2,KU 
KB  *  K  -  1 
ANN  *  AN 
BNB  =  BN 

C  ,.K  -  [UI  ♦  2*K)  *  [UI  ♦  KB)/(K*(UI  2*KB)  ) 

TWSK  *  2*K 
XKB  *  AB 
IK  *  A 

TISKB  *  2*KB 

RK  *  (UI  ♦  TNSK)*(UI  ♦  !  KB)  /  [XK*  (UI  ♦THSKB) ) 

AN  *  RK* ANB 

C  BN  *  -RK*  (TUI  ♦  KB)*BNH/(K  -  UI) 

BN  *  -RK*  (TUI  ♦  XKB)*BNB/(XK  -  01) 

83  CONTINUE 

84  CONTINUE 
CN  *  0.0 
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FT  =  0.0 
FTP  =  0.0 
BJD  =0.0 
BN  D  =0.0 
JP  =  1 

IF(2*X0  -  NO)  851,  85,  85 1 
851  CONTI  NOE 
J?  =  2 

85  CONTIHOE 

NO  =  NO  -  1 

0=0-1. 

N  =  KO 

GO  TO  (86,95), IP 

86  CONT-.NOE 

NN  =  NO  -  NTH 

DO  871=1, NN 

BJB  =  0*TOX*BJ  -  BJP 

GO  TO  (88,  89) ,  JP 

88  CONTINOE 
ANP  =  AN 
BNP  *  BN 
NP  =  N 

CN  *  CN  ♦  ANP*BJP 

FT  *  FT  ♦  BNP* BJP 

FTP  *  FTP  ♦  0.  50*  (BND- BNP)  *BJD 

BJD  =  BJ 

BHD  *  BNP 

N  «  N  -  1 

RN  =  NP*  (01  *  2*N)/((0I  ♦  2*NP)  *  (01  ♦  N)  ) 

XN  *  N 
XNP  *  NP 

RN  *  INP* (01  ♦  2*XJ)/((OI  ♦  2*XNP)  *  (01  ♦  XN)  ) 

AN  =  RH*ANP 

BN  «  -BNP*  (NP  -  OI)*RN/(TOI  ♦  N) 

BN  *  -BNP*  (XNP  -  OI)*RN/(TOI  *  XN) 

JP  =  2 
GO  TO  90 

89  CONTINOE 
JP  »  1 

90  CONTINOE 

NO  *  NO  -  1 

0*0-1. 

BJP  *  BJ 
BJ  *  BJH 
87  CONTINOE 
95  CONTINOE 

BBJ (NO  ♦  1)  *  BJ 
DO  1051= 1 , NTH 
BJ  PS  *  TOX*0*BJ  -  BJP 
BBJ (NO)  *  BJH 
GO  TO  [97,98), JP 
97  CONTINOE 
ANP  *  AN 
BNP  *  BN 
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NP  *  H 

CN  =  CH  ♦  ANP*BJP 

FT  =  FT  ♦  BKP* B JP 

FTP  =  FTP  ♦  0.  50*  (BND-BNP)  *3JD 

BSD  =  BNP 

BJD  =  BJ 

N  *  N  -  1 

C  HH  *  BP*  (01  ♦  2*N)/((UI  ♦  2*BP)  *  (01  ♦  N)  ) 

XN  =  N 
XBP  =  HP 

KN  *  IBP*  (01  ♦  2*XN)/((UI  ♦  2*XNP)  *  (01  ♦  XN)  ) 

AN  =  RN*ANP 

C  BN  =  -BNP*  (NP  -  0I)*RN/(TUI  ♦  N) 

BN  =  -BNP*  (XNP  -  0I)*RN/(T0I  ♦  XN) 

JP  *  2 
GO  TO  99 

98  COHTINOE 
JP  =  1 

99  COHTINOE 
NO  *  NO  -1 
0  =  0-1. 

BJP  *  BJ 
BJ  *  BJH 

105  COHTINOE 
IN  *  INOT 

IF  (01  -  0.00005)701,701,  107 
701  COHTINOE 

BN  *  TOP*  (0.57 72 156649  »  ALOG  (XOT) ) 

GO  TO  108 

107  COHTINOE 

BN  *  1 ./TANF (OI*PI)  -  A NOT* A  NOT/ (PI* 01 ) 

108  COHTINOE 

CN  «  CN  ♦  IN*B BJ  ( 1) 

FTP  *  -W*AH*AN  *BB  J  (1)  *  (BN  -  0. 50*  BNP)  *  BBJ  (2)  ♦  3.*0I*FT/X 
*  -  FTP 

FT  *  FT  ♦  BH*BBJ  ( 1) 

CN  -  1.0/CN 
FT  *  CN*FT 
FTP  *  CN*FTP 
FJ  »  CH*BBJ  ( •) 

FJP  *  CH *BBJ  (2) 

IF  (DABS  (FJ)  -  0.001)50,501,501 
501  CONTINUE 

FTP  »  (FT*FJP  -  »)/FJ 

NOBHALIZE  THE  J(H0)  AND  CALCOLATE  THE  T(N0). 

50  CONTI  I  BE 
BBJ  (  1)  *  FJ 
BBJ  (2)  *  FJP 
BBT  ( 1)  *  FT 
BBT  (2)  «  FTP 
0  «  01  ♦  !. 

NT  *  NTH  -  1 
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DO  51K=1,NT 

BBT  (K* 2)  =  TOX*D ♦BBT  (K*  1 ) 
BBJ(K*2)  =  CN* BB J  (K*2) 

0  =  U  ♦  1. 

51  CONTINUE 
RETURN 
END 


-  BBT  (K) 


FUNCTION  GAB  HA  (X) 

IMPLICIT  DOUBLE  PRECISION  (A-H,0-E) 

IP  (DABS  (X)  -  1.0E-06)100,100,10 

100  CONTINUE 

WRITE  fI<OHO,10  1) 

101  FORMAT (/20X# 17HSTOP  101  IN  GAMMA  /) 

STOP 

10  COHTINDE 

SDH  *  X  ♦  I*X*  (0.5772156649  ♦  X*  (-0. 65587807 15  ♦  X*( 

*  -0.0420026350  ♦  X*  (0.  1 6653861 14  ♦  X* (-0.042 1977346  ♦ 

*  X*(-0. 0096219715  *X* ( 0. 0072 1 89432  ♦  X*  (-0.001 1651 676  ♦ 

*  X* (-0.0002152417  *X* (0.0001280503  ♦!*  (-0. 0000 20 1348  < 

*  XM-O. 0000012505  ♦  X*  (0.0000011330  ♦  X* {-0. 0000002056  ♦ 

*  X*(0. 0000000061  ♦  X*(0. 0000000050  ♦  X»  (-0.0000000012  ♦ 

*  1*0.0000000001))} )))))))))))))) 

GAMMA  *  1.0/SDH 

RETURN 

END 
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SUBROUTINE  RDAPRT  (IPLT, R1 ,  N2  .KEY) 
CORSON  /LUNI01/LONI,Lo5o,£un6i 

DIMENSION  IPLT  (N2) 

903  FOBRAT  (20A 9) 

GO  TO  (1 ,2,3), KEY 

1  CONTINUE 

HEAD  (LORI, 903)  (IPIT  (I)  ,  1=  RJ  R2) 

GO  TO  4 

2  WRITE  aOHOr90  3)  (IPIT  (I)  #l*H1#  »2) 
GO  TO  4 

l  COHTH OBDH01,903>  ,IPLI[I>'1=ln*»2) 

RE TORN 
END 


BDPBI,T^*HHA^HHAX,m«,KEY2) 

IRPLICIT  BEAL* 8  (A-R,0-Z) 

CONNOR  /LOR  10 1/LURI,LUR0 ,LUN01 
DIHEHSIOR  A  (NDIH, 1 ) 

898  FOBH  AT  (5E1 6.  8) 

899  FORMAT  (8E1 3.  5) 

900  FORHAT(8Z10,5) 

DO  II- 1 , RH  AX 

GO  TO  (2,3,5),KET2 

2  COHTIROE 

READ  (LORI, 900)  (A  (I,J)  ,  J=1  ,NHAX) 

GO  TO  4 

3  CORTINOE 

Cino.w#j 

GO  TO  4 
5  CORTINOE 

4  CORTINOE 
1  CONTINUE 

RETORN 

END 
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SUBROUTINE  ALYCPD  (X,N, AL, IOPT) 
IMPLICIT  REAt*8  (A-H,0-Z) 
DIMENSION  X  (N) 

DO  31= 1, N 

GO  TO  (1,2),ICPT 

1  CONTINUE 
X(I)=X(I)*AL 
GO  TO  3 

2  CONTINUE 
X(I)  =X(I)  /AL 

3  CONTINUE 
RETURN 
END 


SUBROUTINE  HDIPRT  (J,  Ifl  IN,  IMAX,  IGTOPT) 
COHBON  /LUNI0l/LUNI,LUN0,LUN01 
DIMENSION  J  (IR  AX) 

901  FORMAT  (1615) 

GO  TO  (1,2,4) ,IGTOFT 
4  CONTINUE 

BRITE  (LUN0 1  ,9  01)  ( J  (I)  ,  1=1  HIN,  IMAX) 

GO  TO  3 

1  CONTINUE 

READ  aUHIf901)  (J  (I)  ,  I=IHIN#IM AX) 

GO  TO  3 

2  CONTINUE 

WRITE  (LUNO, 901)  (J  fl)  ,  I=IHIN,  IMAX) 

3  CONTINUE 
RETURN 
END 
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SUBROUTINE  VCTINT  ( I, N, XO) 
IMPLICIT  REAL*8  (A-H,0-Z) 
DIHENS  ION  X  (N) 

DO  11=1,5 
X[I)=0.0*XO 
1  CONTINUE 
RETURN 
END 


SUBROUTINE  NTRINT (A,N, H,NDIH,A0) 
IflPLICIT  BEAL*8  (A-H,0-Z) 

DIHENS  ION  A  (NDIH, 1) 

DO  11=1,  N 
DO  2J=  1,  H 
A(I,J)=0.0*AO 
2  CONTINUE 
1  CONTINUE 
RETURN 
END 
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SUBROUTINE  XVECCL  [X,NP1, NDIM,X1,X2,  DEUX, IOPT} 
COMMON  /LUNIOl/LUNI,LUNO ,LUN01 
IMPLICIT  REAl*8  (A-H,0-7.) 

DIMENSION  X(NDIM) 

897  FORMAT  (/) 

898  FORMAT  (///) 

899  FORMAT  (5E16.8) 

901  FORMAT  (1615) 

WRITE  (LUNO,  899)  XI  ,X2,  DELX 
GO  TO  (2, 3, 2), IOPT 

2  CONTINUE 

NO XI X2=  (I2-X1)/DELX*1.  01 
WRITE  (LUNOf901)  NOXlX2,NP1 
NOX1X2=I ABS  (NOX1X2) 

NP 1®NOX 1X2 

WRITE  (LUNO,  90 1) NOX1X2, NP1 
GO  TO  (4,3,3),  IOPT 

4  CONTINUE 
XCONST* 1. 0 

IF (XI. GT. X2) XCONST=-XCONST 
DO  11=  1,  NOX1X2 
XI 21 HI *1-1 

X(I)  *X 1fX12IH1*PELX*ICONST 
1  CONTINUE 
GO  TO  5 

3  CONTINUE 

CALL  R  DPRT  1  (X,  NP  1 , 1) 

5  CONTINUE 

WRITE  (LUNO,  89 7) 

CALL  RDPRT 1  (X, NP1 , 2) 

PRINT  898 

RETURN 

END 
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SUBROUTINE  BDPRT1  (X,N,KEY2) 
IHPLICIT  REAL*8  (A-H,0-Z) 
COHHON  /LUNIOl/LONI, LO  NO, LUNOI 
DIMENSION  X  (N) 

897  POBMAT  (8E10*  5) 

898  FOBHAT  (5E16.8) 

899  FOBHAT  (8  El  3«  5) 

900  FOBHAT  (8 El 0« 3) 

GO  TO  (1 ,2,4,5 ,6)  , REY2 
6  COHTINOE 

MITE  (LUNOI, 898)  (X  (I)  ,  1=  1 ,  tf) 
GO  TO  3 
5  COHTINOE 

BEAD  (LOU, 898)  (X(I),I*1,H) 

GO  TO  3 
4  COHTINOE 

MITE  (L0NO1,898)  {X  (I)  , I=1,H) 
GO  TO  3 

1  CONTINUE 

READ  (LORI,  900)  (X(I),I=1,N) 

GO  TO  3 

2  COHTINOE 

MITE  (LUNO,89 9)  (X  (I)  ,  1=  1 ,  N) 

3  CONTINO  E 
RETORN 


£ 
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SUBROUTINE  CPLXQR  (T 1R,  T II ,  Y2R,  Y2I ,  Y 3R  ,  Y3I,  NOPT) 
IMPLICIT  REAL*8  (A-H,0-Z) 

R£AL*8  X1B ,X1I ,X2R,X2I,X3R,X3I 
HR  *  Y1R 

hi  =  yii 

X2R  *  Y2R 
X2I  *  Y2I 
X3R  *  0.0 
13 1  *  0.0 
GO  TO  (1,2)  #  Rep? 

1  CONTINUE 

X3B  *  X 18* X2R  -  X1I*X2 1 
X3I  *  X1H*X2I  ♦  X 1 1*X2 R 
GO  TO  3 

2  CONTINUE 

XDEN  *  I2H*X2B  ♦  X2l*X2I 
X3B  «  imi2B  ♦  XI I*X2I 
X3I  *  X 1I*X2H  -  X 1 R*X2  I 
X3R  «  X3R/XDER 
X3I  *  X3I/XDEI 

3  CONTINUE 
Y3B  »  X3B 
Y3I  *  X3I 
RETUBN 
END 


FUNCTION  TANK (X) 

IMPLICIT  REAL* 8  (A-H,0-Z) 

SI  NX  «  DSIN  IX) 

COSX  *  DCOS(X) 

IF  (DABS  (COSX)  -  EPSTOL)  1,1,2 

1  CONTINUE 
COSX  «  EPSTOL 

2  CONTINUE 

TANF  *  SINX/COSX 

RETURN 

END 
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Abstract 

Colloidal  Gas  Aphrons,  a  microdispersion  of  stable  small  air 
bubbles  (15  to  50  mp)  in  air*  have  proven  to  be  effective  in 
separation  processes.  The  purpose  of  this  laboratory  study  was  to 
explore  their  effecti ver.es s  in  treating  hazardous  wastes  by  1) 
evaluating  their  flow  choracteri sti  s  through  soil  matrices  (for 
removal  or  scouring  of  pollutants  and  for  in-situ  biodegradation);  2) 
quantifying  their  adhesion  and  retention  in  various  saturated  matrices 
(impoundments)  for  subsequent  in-situ  biodegradation;  and  3) 
determining  the  feasibility  of  an  extraction/f lotation  process  fur 
removing  ortho  di chlorobenzene  (dissolved  hazardous  orqanics)  from 
contaminated  water  using  CGA's  for  flotation. 

Extensive  results  on  flow  of  CGA  through  a  coarse  golf  course 
sand  documented  the  importance  of  surfactant,  type  and  concentration, 
and  pretreatment  on  CGA  flow  characteristics. 

The  adhesion  and  retention  of  CGA's  in  a  flooded  impoundment  were 
very  promising.  Water  was  displaced  with  0.56  to  1.25  air/water 
volume  ratio  injected  in  the  saturated  sand  and  751  retention  of  these 
bubbles  one  month  later. 

Finally,  while  testing  »as  limited,  CGA’s  provided  encouraging 
phase  separation  (clarification)  in  an  extract lon/f lotation  process 
for  removing  soluble  ortho  di chlorobenzene  from  water  using  a  good 
decane  solvent  (high  partition  coefficient). 
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I.  INTRODUCTION 


Colloidal  Gas  Aphrons  can  be  made  by  mixing  a  small  amount  of  a 
surfactant  into  water  (nominally  0.25  to  1.0  g.  per  1.)  and  agitating 
in  a  very  high  speed  mixer.  The  resulting  cream  can  contain  as  much 
as  70%  small  air  bubbles  dispersed  in  water.  In  a  CGA,  the  gas  or 
bubble  is  encapsulated  in  a  thin  "soap"  film  that  is  so  tenacious,  the 
bubbles  do  not  coalesce,  even  when  pressed  together.  Hence,  the 
bubbles  remain  very  small  (on  the  order  of  25  pm)  and  present  an 
enormous  surface  area.  CGA's  must  be  clearly  distinguished  from  the 
so-called  "bubbles”  produced  by  dissolved  air  precipitation,  sparging, 
or  electrolysis  which  are  perhaps  100  to  1,000  times  larger,  rise  tc 
the  surface  rapidly  and  then  coalesce  quickly.  CGA's  were  first 
investigated  by  Sebba  (1971,  1975)  and  named  microfoams  because  they 
were  thought  to  be  foams  made  with  small  bubbles.  Subsequently, 
closer  investigation  (Sebba,  1982)  showed  these  were  really  true 
bubbles  encapsulated  in  a  thin  film  of  water  considerably  thicker  than 
a  monolayer. 

Because  CGA's  are  so  stable  and  small,  they  remain  suspended  in 
solution  and  can  flow  through  channels  such  as  exist  in  a  sand  bed. 
Larger,  unstable  "bubble*"  would  be  filtered  out  in  such  a  situation. 
Another  important  characteristic  is  that  CGA's  can  be  pumped  by 
conventional  methods  (e.g..  centrifugal  pumps)  without  deterioration. 
Finally,  techniques  for  improved  flotation  separation  have  evolved 
with  the  development  of  these  new  types  of  bubble  systems.  A  number 
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of  these  applications  have  been  discussed  in  an  article  by  Sebba  and 
Barnett  (1981). 

The  key  properties  of  CGA's  are  as  follows: 

1. )  CGA's  are  relatively  stable  to  temperatures  close 
to  boiling  point. 

2. )  Viscosity  and  flow  characteristics  of  CGA's  in 
water  are  similar  to  water  phase  and,  therefore  CGA's  can  be 
pumped  easily. 

3. )  Small  size,  10“14m3  in  volume,  when  25  » 
diameter,  determines  colloidal  properties. 

4. )  Have  a  durable  elastic  encapsulating  shell  akin  to 
the  soap  film  surrounding  an  ordinary  soap  bubble. 

5. )  Coalescence  does  not  occur  when  bubbles  collide, 

though  they  may  cluster  then  drift  away. 

6. )  Smaller  bubbles  are  under  higher  pressure  than 
larger  bubbles.  Thus,  smaller  ones  disappear  and  larger 
ones  grow  thus  enhancing  creaming  at  the  surface. 

7. )  Water  surface  adjacent  to  the  bubble  will  have  a 
monolayer  of  surfactant  oriented  hydrophobic  groups  facing 
the  bubble. 

8. )  CGA's  can  be  partially  coated  with  selective 
solvents  for  extraction,  adsoprtion. 

Because  of  the  unique  characteristics  and  potential  as  a 
processing  technique,  this  work  with  the  Environics  Laboratory  during 
the  Summer,  1983  has  been  directed  toward  the  feasibility  of  using 
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colloidal  gas  aphrons  for  resolving  several  hazardous  waste  problems. 


II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

Three  different  situations  were  targeted  for  the  use  of  CGA's  in 
treating  hazardous  waste  and  work  was  completed  to  determine  the 
technical  feasibility  of  each.  The  principle  objective  of  the  summer 
was  to  study  the  flow  characteristics  of  CGA's  through  one  dimensional 
consolidated  soil  matrices.  The  long  range  purpose  of  this  effort  was 
to  determine  the  possibility  of  delivering  CGA's  (air  and  water)  to 
and  through  various  soil  matrices  in  order  to  flush  (scour)  hazardous 
materials  from  these  soil  matrices  and  in  addition  to  enhance  in  situ 
biodegradation  of  organic  contaminants.  The  technique  could  have 
application  for  treating  release  of  jet  fuels,  trichloroethylene,  and 
gasoline  which  have  migrated  into  the  subsoils.  Limited  earlier 
studies  had  demonstrated  the  ability  of  CGA's  to  scour  out  gasoline  in 
one-dimensional  soil  column  tests,  to  penetrate  a  soil  matrix  (with 
microorganisms  and  nutrients)  and  to  be  retained  in  the  soil  matrix 
for  a  long  period  of  time. 

The  objective  of  the  second  portion  of  this  research  effort  was 
to  produce  CGA's  from  various  surfactant  and  surfactant 
concentrations,  and  quantify  their  adhesion  (removal)  and  retention  in 
various  saturated  soils  and  selected  materials.  Limited  tests 
completed  at  Virginia  Tech  had  shown  earlier  that  CGA’s  are  retained 
in  an  unconsolidated  soil  matrix  covered  with  water  such  3S  an 
impoundment.  The  development  of  these  techniques  for  injecting  air 
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(or  oxygen)  into  unconsolidated  soils  (impoundments)  would  provide  a 
means  to  alter  impoundment  sediments  and/or  swamps  from  anaerobic  to 
aerobic  conditions.  These  aerobic  conditions  would  encourage 
localized  in  situ  biodegradation  of  hazardous  organics  with  or  without 
the  simultaneous  injection  of  aerobic  microorganisms  or  nutrients. 
Another  possibility  would  be  to  use  CGA's  to  deliver  air  (oxygen), 
microorganisms  and  nutrients  into  a  french  drain/biodegradation  ditch 
filled  with  a  porous  matrix  in  order  to  biodegrade  (treat),  in  si tq .  a 
slow  flowing  contaminated  aquifer. 

Finally,  CGA's  have  displayed  very  effective  removal  of  suspended 
fi.is,  and  emulsified  organics  from  waste  water  because  of  their  high 
surface  area  and  excellent  (slow  rising)  flotation  characteristics. 
Limited  work  had  also  been  documented  on  the  removal  of  dissolved 
organics  (phenol)  from  waste  waters  using  solvent  coated  CGA’s.  The 
objective  of  the  third  portion  of  this  research  project  was  to 
evaluate  the  removal  of  low  concentrations  of  dissolved  ortho 
dichlorobenzene  (5  to  10  mg/1)  using  small  quantities  of  selective  low 
solubility  organics.  The  first  step  was  to  screen  several  solvents 
for  their  ability  to  extract  ortho  dichlorobenzene  from  water. 
Subsequently,  the  technique  was  to  disperse  and/or  emulsify  the 
solvent  with  a  brief,  intensive  agitation  and  extract  the  ortho 
di chlorobenzene  from  water. 

Then,  several  CGA's  were  tested  for  their  ability  to  float 
(separate)  the  fine  oil  droplet  (extract).  Minimal  solvent  usage  and 
losses  are  critical,  particularly  if  treating  large  quantities  of 
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contaminated  ground  water.  The  use  of  an  extraction/flotation 
technique  has  application  for  removing  dissolved  hazardous 
contaminants  from  ground  water  perhaps  after  air  stripping  to  remove 
the  lower  boiling  fractions.  The  extraction/flotation  treatment  might 
prove  to  be  an  attractive  alternate  for  activated  carbon  adsorption. 

III.  THE  FLOW  OF  COLLOIDAL  GAS  APHRONS  (CGA'S)  THROUGH  A  MEDIUM  SAND 

CONSOLIDATED  MATRIX 

The  primary  effort  for  the  summer  was  to  determine  the 
possibility  of  delivering  air  (or  oxygen)  to  and  through  a  medium  golf 
course  sand  (14  to  115  Tyler  mesh)  containing  small  amounts  of  fine 
clay  (silt).  The  hydraulic  conductivity  was  measured  between  120  to 
160  cm/hr  for  each  test.  The  first  author  of  this  report  concentrated 
his  first  4  weeks  on  setting  up  test  facilities,  debugging  the  system, 
conducting  6  preliminary  tests,  and  developing  a  work  plan  for  Wade 
Auten,  the  second  author,  to  carry  out  beginning  in  late  June  1983. 

Figure  1  shows  a  flow  diagram  of  the  final  test  apparatus  used 
for  conducting  the  one-dimension  soil  pack  column  tests.  The  system 
had  the  capability  of  generating  CGA's  from  a  wide  range  of  surfactant 
solution,  and  delivering  them  at  constant  pressure  with  recycle  to  a 
one  dimensional  soil  pack  for  testing.  A  back  pressure  controller 
assured  constant  upstream  pressure  with  the  recycle  returning  to  the 
CGA  generator. 

A  laboratory  CGA  stability  test  of  potential  surfactants  was 
completed  first  to  screen  surfactants  for  column  testing.  These 
results  are  shown  on  Figure  2.  The  steeper  the  slope,  the  more  stable 
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the  C6A  and  according  more  likely  to  remain  coherent  in  flowing 
through  a  soil  matrix,  assuming  no  soil  or  contaminatn  interference. 
On  the  other  hand,  if  the  goal  is  only  to  deliver  CGA’s  to  or  just 
into  a  soil  surface  before  breakdown,  then  an  unstable  CGA  may  be 
desired.  Surfactants  for  testing  in  the  one  dimensional  soil  pack 
tests  were  chosen  based  on  these  laboratory  studies. 

Having  screened  several  surfactants,  the  major  effort  then  was  to 
conduct  a  series  of  tests  using  the  sand  bed  testing  apparatus.  The 
experimental  procedure  used  for  the  column  tests  was  as  follows: 

1.  Size  locally-obtained  quartz  sand  to  14-  x  115-mesh. 

2.  Clean  sand  by  repeated  rinsing. 

3.  Carefully  pack  column  to  insure: 

a)  complete  water  saturation,  and 

b)  most  stable  packing  density. 

4.  Flush  with  water  until: 

a)  effluent  water  is  completely  clear,  and 

b)  effluent  flow  rate  is  constant  for  a  given 
pressure  drop. 

5.  Determine  hydraulic  conductivity  (a  measure  of 
permeability). 

6.  Prepare  surfactant  solution (s )  to  desired  concen¬ 
trations. 

7.  Pretreat  column  if  desired  by  flushing  concentrated 
surfactant  solution  (at  least  two  pore  volumes)  through 
column. 
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8.  Begin  C6A  generation. 

9.  Recycle  CGA's  through  and  ice  bath  to  control 
temperature. 

10.  Add  CGA's  to  sand  pack  at  a  controlled  pressure. 

11.  Monitor  one  or  more  of  the  following  variables: 

a)  time, 

b)  movement  of  CGA  interface  through  column, 

c)  pressure  drop  across  tne  column  (usually 
independent), 

d)  total  effluent  flow  rate, 

e)  liquid  effluent  flow  rate, 

f )  first  appearance  of  true  CGA's  in  effluent, 

g)  CGA  generation  quality. 

12.  At  end  of  test,  reflush  column  with  water  until  pressure 
drop  stabilizes. 

13.  Repeat  hydraulic  conductivity  measurement  (optional). 

Based  on  the  initial  studies  there  is  resistance  to  CGA  flow 
through  consolidated  soil  systems  compared  to  either  air  or  water. 
Several  studies  were  completed  on  the  movement  of  CGA's  at  varying 
pressure  drops  through  a  sand-packed  glass  column.  Figure  1  snows  the 
apparent  relationship  between  CGA  movement  and  pressure  drop  when 
CGA's  made  from  0.5  g/1  surfactant  solutions  are  pumped  through  a 
packed  4-inch  column.  From  Figure  3  it  can  be  seen  that  the  anionic 
surfactant  produced  a  CGA  which  displaced  the  greatest  volume  of  water 
from  the  saturated  sand  pack.  Conversely,  CGA's  made  from  a  cationic 
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surfactant  displaced  the  least  volume  of  water  at  a  given  pressure 
while  the  nonionic  surfactant  gave  intermediate  results.  This  trend 
is  not  surprising  if  the  net  surface  change  on  quartz  sand  is 
negative,  as  expected.  In  such  a  case,  the  number  of 
negatively-charged  surface  sites  is  greater  than  the  number  of 
positively-charged  sites  and  so  cationic  surfactants  would  be 
preferentially  adsorbed.  Cationic  CGA's  would  then  be  destablized 
more  quickly  by  the  bed  than  either  nonionic  or  anionic  CGA's. 

Based  on  these  results,  the  resistance  to  CGA  flow  through  a  sand 
pack  was  thought  to  be  primarily  a  function  of  the  degree  of  loading 
of  the  bed  with  CGA's.  It  is  known  that,  under  some  circumstances, 
CGA's  can  be  approximated  as  rigid  spheres.  Because  the  internal 
pressure  in  a  bubble  is  inversely  proportional  to  the  bubble's  radius, 
micron-size  bubbles  like  CGA's  can  have  significant  internal  pressures 
relative  to  their  environment.  If  CGA's  remain  stable  after  entry 
into  a  soil  system,  their  effect  on  the  pack  should  be  similar  to  that 
observed  if  solids,  an  order  of  magnitude  smaller  in  size  than  the 
sand  particles,  were  loaded  into  the  interstitial  regions  of  the  bed. 
In  such  an  event,  the  permeability  would  be  observed  to  decrease 
linearly  with  increased  loading.  On  a  macroscopic  scale,  the 
increased  loading  would  also  increase  the  pressure  drop  across  the 
pack  required  for  additional  loading.  This  simple  physics  model  was 
originally  thought  to  account  for  the  observed  linearity  in  the  data 
in  Figure  3.  But  if  sc,  then  the  relationship  between  CGA  movement 
and  pressure  drop  should  be  independent  of  surfactant  type  and  a 


function  only  of  the  CGA  size. 

A  more  accurate  model  of  CGA  flow  behavior  through  a  soil  matrix 
requires  consideration  of  surface  effects.  Figure  3  clearly  indicates 
some  degree  of  selectivity  in  the  propagation  of  CGA's  with  different 
surface  properties  through  a  sand  pack.  In  reality,  CGA's  moving 
through  the  pore  volume  of  a  sand  bed  are  not  only  preferentially 
adsorbed  onto  the  matrix  but  are  also  destabilized  as  a  result  of 
surfactant  stripping.  This  was  shown  in  a  test  conducted  in  a  10-inch 
column,  Figure  4.  During  this  test,  an  attempt  was  made  to  flow  CGA's 
through  a  medium  to  medium-coarse  sand  matrix.  Preliminary  results 
(Figure  3)  had  shown  that  significant  pressure  drops  would  he  required 
to  get  CGA  movement  over  even  short  distances.  However,  by 
pretreating  with  surfactants,  we  were  able  to  show  that  even  at 
pressure  drops  as  low  as  2.5  psi  essentially  all  Of  the  water 
initially  saturating  a  sand  pack  could  be  displaced  with  CGA's.  The 
sand  pack  was  pretreated  with  a  moderately  concentrated  surfactant 
solution  (10.0  g/1  of  anionic  sodium  dodecyl  benzene  sulfonate,  SDBS) 
which  minimized  subsequent  surfactant  stripping  on  addition  of  CGA's. 
Essentially,  the  stability  of  the  CGA's  (made  from  1.0  g/1  SDBS)  was 
enhanced  and  they  were  capable  of  traversing  the  sand  pack  intact. 

Presumably,  pretreatment  of  sand  pack  with  a  concentrated 
surfactant  of  the  same  ionic  character  as  the  CGA's  to  be  added 
subsequently  just  served  to  accelerate  the  time  required  to  reach 
steady-state  flow  through  the  bed.  In  this  light,  the  points  in 
Figure  3  may  be  viewed  as  representing  pseudo-steady  state  conditions. 
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So  for  a  given  pressure  drop,  C6A  movement  through  a  bed  is  limited  by 
the  rate  of  adsorption  of  surfactant  onto  the  matrix.  Only  after  a 
region  of  the  bed  is  stabilized  by  sufficient  surfactant  adsorption 
can  the  CGA  front  move  further  into  the  pack. 

Figure  5  shows  effluent  flow  rate  data  for  the  same  test  which 
yielded  Figure  4.  Until  about  40  minutes  the  CGA  front  was  actively 
displacing  water  initially,  saturating  the  sand  pack  and  no  effluent 
liquid  flow  rate  was  greater  than  4  ml /min.  At  about  20  minutes  into 
the  test,  the  effluent  flow  rate  seemed  to  statilize  at  about  4.6 
ml/min.  Presumably,  this  rate  would  have  been  maintained  for  an  even 
longer  period  given  a  longer  column.  But  at  about  40  minutes  (ref. 
Figure  4)  the  CGA  front  had  essentially  displaced  all  of  the  initial 
water  in  the  column.  At  this  time,  as  noted  in  Figure  5,  the  first 
appearance  of  air,  as  foam,  occurred  at  the  cell  outlet.  The  net 
liquid  flow  rate  dropped  substantially  even  though  the  combined  water 
and  air  flow  rate  was  observed  to  increase  to  about  8  ml /min. 

Figure  6  shows  the  effect  of  pressure  drop  on  effluent  flow  rate 
for  a  system  in  which  a  surfactant -poor  CGA  made  with  a  0.05  g/1  SOBS 
solution  (anionic)  was  pumped  through  a  4-inch  packed  column.  In  this 
particular  test,  the  sand  pack  was  not  pretreated  with  any  sjrfactant. 
Yet,  CGA's  comparable  to  freshly  generated  CGA's  in  quality  were 
eluted  at  pressures  about  15  psi.  and  the  effluent  flow  rate  climbed 
dramatical ly  as  the  effluent  drop  approached  30  psi,  the  maximum 
operating  pressure  for  the  apparatus.  Obviously,  at  pressures  above 
15  psi  internal  resistances  to  flow  had  been  negated.  If  these 
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resistances  are  primarily  due  to  C6A  adsorption,  as  believed,  then 
this  pressure  represents  the  minimum  force  needed  to  prevent 
adsorption  of  CGA's  onto  the  sand  matrix.  At  pressures  below  this 
critical  value,  effluent  flow  is  essentially  independent  of  pressure 
and  contains  no  visible  sign  of  CGAls. 

Flow  in  the  high  pressure  regime  of  Figure  6  is  observed  to 
increase  at  a  dramatic  rate  at  these  high  pressures.  Flow  behavior 
seems  practically  independent  of  the  matrix.  Because  CGA  diameters 
are  at  least  an  order  of  magnitude  smaller  than  the  sand  comprising 
the  matrix,  their  flow  at  these  pressures  should  closely  approximate 
those  of  a  pure  liquid,  assuming  negligible  surface  effects  under 
these  conditions.  So,  to  have  similar  flow  behavior  at  lower 
pressures  where  surface  effects  may  be  significant,  effort  must  be 
made  to  condition  the  system  so  that  these  effects  are  minimized.  As 
mentioned  previously,  one  approach  to  achieving  this  end  is 
pretreatment  of  the  sand  matrix  so  that  surfactant  adsorption  from  the 
CGA's  is  minimized.  In  Table  I,  data  are  compiled  showing  the 
relative  effects  of  surfactant  pretreatment  on  CGA  movement  through  a 
packed  column  using  CGA's  made  from  an  anionic,  nonionic,  and  cationic 
surfactant.  In  each  case,  a  packed  4-inch  column  was  pretreated  with 
300  ml  of  10.0  g/1  of  surfactant  of  the  same  type  as  the  CGA's  to  be 
added.  In  each  case,  surfactant  pretreatment  is  observed  to  decrease 
the  pressure  drop  needed  to  achieve  complete  displacement  of  the  water 
initially  saturating  the  sand  pack. 


TABLE  I 


EFFECT  OF  SURFACTANT  PRETREATMENT  ON  CGA 
PROPAGATION  THROUGH  A  SAND  PACK  (UPFLOW) 


A.  ANIONIC  SAA,  SDBS  -  0.5  g/1  CGA 


CGA  ADVANCE  (HEIGHT  OF  INTERFACE/COLUMN  LENGTH) 

AP  (psiq) 

NO  PRETREATMENT 

W/PRETREATMENT 

5 

0.38 

complete 

10 

0.69 

- 

15 

complete 

- 

30 

foam 

CGA 

NONIONIC  SAA, 

TERGITOL  15-S-9  -  0.5  g/1  CGA 

CGA  ADVANCE  (HEIGHT  OF  INTERFACE/COLUMN  HEIGHT) 

NO  PRETREATMENT 

W/PRETREATMENT 

5 

0.28 

0.63 

G .  50 

0.78 

15 

0.70 

complete 

l!. 

- 

CGA 

20 

0.95 

25 

complete  (foam) 

CATIONIC  SAA, 

ARQUAD  16-50  -  0.5  g/1  CGA  w/no  pretreatment 

0.1  g/1  CGA  w/pretreatment 

CGA  ADVANCE  (HEIGHT  OF  INTERFACE/COLUMN  HEIGHT) 

ap  (psig) 

NO  PRETREATMENT 

W/PRETREATMENT 

5 

0.19 

0.69 

10 

0.38 

complete  (foam) 

15 

0.56 

_ 

Figure  7  shows  elution  volume  as  a  function  of  time  for  a  flow 
system  in  which  a  0.08  g/1  SDBS  solution  was  used  to  make  the  C6A. 
Plotted  are  data  taken  at  three  relatively  low  pressures  so  that 
complete  displacement  of  the  liquid  initially  occupying  the  sand  pack 
never  occurred.  The  data  show  the  predicted  increase  in  elution  rate, 
or  volume,  with  increasing  pressure  which  is  constant  once  the  CGA 
front  has  been  established.  Of  more  significance  is  the  apparent 
linearity  which  exists  between  elution  volume  (rate)  with  time  at  a 
given  pressure.  The  nonlinear  regions  reflected  at  the  beginning  of 
each  pressure  change  just  reflects  the  step-wise  movement  of  the  CGA 
interface  through  the  column  and  the  subsequent  water  displacement. 

Figure  8  shows  that  by  reducing  the  concentration  of  anionic 
surfactant  used  for  making  CGA's,  the  total  elution  volume  increases 
markedly.  At  lower  concentration,  the  CGA's  destablize  faster  because 
of  the  low  surfactant  concentration  used  in  making  the  CGA's  and  more 
rapid  adsorption  of  the  surfactant  upon  entering  the  sand  pack.  As 
indicated  on  Figure  9,  after  displacing  the  interstitial  water  (water 
initially  in  sand  pack)  the  bulk  flow  is  mostly  air.  Surprisingly,  in 
testing  with  the  nonionic  Tergitol  15-S-9  surfactant.  Figure  10,  the 
elutant  flow  rate  was  considerably  lower  (1/20)  the  flow  of  elutant 
when  using  a  CGA  produced  from  SDBS.  This  suggests  retained  stability 
of  the  CGA's  made  from  this  nonionic  detergent.  In  addition,  the  air 
flow  measured  as  a  percentage  of  total  effluent  volume  was  also  lower, 
see  Figure  11.  Notice,  also  that  the  leveling  off  of  air  ratio  was 
not  as  prominent  for  the  nonionic.  There  is  order  difference  in  terms 
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Figure  8:  Flow  of  an  anionic  CGA  (sodium  dodecyl  benze 
sulfonate)  through  a  4-inch  packed  column  as 
function  of  surfactant  concentration.  (No  c 


8  g/1  SDBS 
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Figure  10  :  Flow  of  a  nonionic  CGA  (Tergitol  15- 


pretreatment. 


of  the  effect  on  concentration  on  flow  in  Figure  10  and  11.  The 
differences  are  slight  and  could  be  a  function  of  soil  packing  or 
error  in  blending  the  surfactant  concentration. 

Based  on  experimental  work  performed  to  date,  it  is  believed  that 
surface  effects  are  the  primary  contributors  in  controlling  flow  of 
CGA's  through  a  consolidated  soil  (sand)  matrix.  By  sufficient 
manipulation,  such  as  pretreatment,  these  surface  effects  can  be 
minimized  and  CGA's  can  be  made  to  flow  significant  distances  through 
a  medium  to  medium-coarse  matrix  at  reduced  pressures. 

Following  is  a  list  of  some  of  the  proposed  potential  advantages 
of  CGA  stripping  of  actual  soil  contaminants  over  surfactant  floods  or 
other  presently  applicable  stripping  techniques. 

Based  on  these  tests  and  earlier  studies,  potential  advantages  of 
CGA's  for  contaminant  removal  from  soil  systems  are  as  follows: 

1-  CGA's  have  been  shown  to  displace  essentially  all  of  the 
freely  entrained  water  initially  saturating  a  sand  pack. 

2.  CGA's  displace  more  than  twice  as  much  of  the  water  in 

a  sand  pack  than  can  be  achieved  with  a  simple  air  purge. 

3.  CGA's  offer  potential  for  added  mechanical  scouring  action 
as  a  result  of  their  tortuous  trek  through  a  soil's 
interstitial  pore  volume. 

4.  Potential  exists  for  adding  flocculants  or  coagulants 
(pretreatment)  to  enhance  CGA  stripping  efficiency. 

5.  Compared  to  surfactant  floods,  CGA  stripping  offers  the 
potential  for  reduced  surfactant  usage. 


IV.  ADHESION  AND  RETENTION  OF  CGA'S  IN  UNCONSOLIDATED  SAND  AND 

OTHER  NATURAL  AND  BIOLOGICALLY  ACTIVE  MATERIALS 

Procedure: 

The  adhesion  and  retention  laboratory  studies  were  conducted  in  a 
500  ml  wide  mouth  Erlenmeyer  Flasks.  The  procedure  was  to  "dd  400  g. 
of  "as  is"  golf  course  sand  (or  material  being  tested)  to  a  series  of 
these  flasks.  Then  water  was  added  to  completely  saturate  the 
unconsolidated  matrix  and  raise  the  level  in  the  flask  to  the  500  ml. 
mark.  This  weight  albeit  not  that  precise  was  recorded,  and  the  water 
level  was  then  lowered  to  400  ml  by  decanting  off  a  portion  of  the 
water  covering  the  unconsolidated  matrix. 

A  commercial  blender  was  used  to  generate  CGA's  using  several 
typical  surfactants  at  various  concentrations.  The  CGA's  generation 
procedure  involved  adding  about  250  ml  of  surfactant  solution  to  the 
blender,  operating  the  blender  at  low  speed  17,000  rprn  for  1/2  minute, 
and  then  at  high  speed,  21,000  for  1  minute.  After  switching  the 
blender  back  to  low  agitation,  a  FMI  positive  displacement  pump  was 
used  to  deliver  the  CGA's  to  the  Erlenmeyer  Flask  until  the  level  rose 
again  to  500  ml  mark.  A  three  prong  fork  (rake)  made  using  1/16" 
stainless  steel  tubing  was  used  to  inject  the  aphrcns  into  the 
submerged  matrix.  Injection  took  2  to  4  minutes.  The  rake  was  moved 
through  the  soil  while  injection  was  occurring.  In  several  runs,  a 
100  ml  graduate  flask  was  filled  with  CGA's  and  allowed  to  destabilize 
in  order  to  determine  the  quality  of  CGA's  delivered  lo  the  flask  (X 
air  in  the  CGA  mi xture ). 

After  careful  adjustment  of  the  water  level  to  500  ml,  the  flask 


was  reweighed  and  the  difference  in  weight  from  original  flask  before 
sparging  represents  the  cc  of  air  (aphrons)  adhering  to  or  retained 
within  the  matrix.  Knowing  the  cc  of  CGA's  retained  and  the  quality 
of  CGA's  produced  and  injected,  the  fraction  (or  percentage)  of  CGA 
bubbles  retained  can  be  determined  from  the  following  relationship. 


X  CGA 
Retention 


t 


cc  of  Hold-Up  Gas 

cc  of  Hold-Up  Liquid  /  CGA  Quality  \ 

1 -CGA  Quality ) 


The  Erlenmeyer  flasks  were  weighed,  allowed  to  stand  uncovered,  and 
reweighed  intermittently  after  bringing  water  level  back  to  the  500  ml 
mark.  Some  surface  evaporation  occurred. 


Reslits  and  Discussion  of  Results: 

A  series  of  runs  were  made  using  the  golf  course  sand  (as  is)  and 
injecting  CGA's  generated  from  sodium  dodecyl  benzene  sulfonate  (SDBS) 
and  also  Tergitol  15-5-12.  These  results  are  shown  on  Figures  12  and 
13.  The  amount  of  air  adhesion  (pick-up)  and  also  its  retention 
compared  favorably  with  the  total  water  volume  in  the  sand  measured 
between  80  and  90  cc.  Some  expansion  of  the  bed  also  occurs  but  if  50 
cc  is  picked  up,  the  air  to  water  volume  ratio  is  somewhere  between  56 
to  1.25  (50/(90-50)  to  50/90).  The  volume  of  air  to  water  is  very 
high. 


Similar  tests  with  direct  room  air  injection  into  the  bed  using 
the  same  three  prong  probe  yielded  retentions  of  5  to  6  cc  of  air  at  a 
maximum.  While  some  retention  was  certainly  observed,  the  weight 
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accuracy  is  limited  by  the  ability  to  refill  the  flask  consistently  to 
500  ml.  In  any  case,  the  level  of  retention  was  small. 

Another  series  of  tests  were  conducted  to  determine  the  retention 
of  CGA's  on  a  pea  gravel  and  oyster  shells.  Again  some  retention  was 
observed  and  agitation  by  a  spatula  demonstrated  this.  However,  the 
cc  of  retention  was  within  the  precision  of  refilling  the  flask  to  the 
500  ml  mark.  In  general,  the  oyster  shells  appeared  to  be  more 
effective  at  CGA  retention.  With  both  materials,  the  CGA's  made  with 
a  cationic  surfactant,  1  g/1  resulted  in  considerable  flotation  of  the 
soil  fines.  The  positively  charged  CGA's  apparently  bonded  or 
complexed  with  the  negatively  charged  silt  mixed  in  with  these 
materials. 

Samples  of  both  the  pea  gravel  and  ground  oyster  shells  were 
fixed  in  a  plastic  mesh  bag  and  placed  in  the  trickling  filter  of  the 
Tyndall  AFB  waste  treatment  plant.  An  active  biological  culture 
developed  on  the  surface.  After  ten  days,  the  samples  were  retrieved, 
hastily  weighed  and  CGA  retention  studies  completed.  Considerable 
flotation  of  the  microorganism  occured  and  5  to  25  ml  of  CGA's  were 
retained.  The  foam  froth  in  the  neck  above  the  500  ml  mark  made 
nr^risH  measurement  of  the  weight  impossible  after  Adding  the  CGA's. 

A  final  series  of  tests  were  completed  on  standard  EPA  soil, 
Clarkburg  Borough  Soil  Pit,  Typic  Hapludults  (U.S.D.A.  1975).  This 
soil  is  being  used  for  in  situ  treatment  studies  being  conducted  by 
JRB  Associates  for  U.S.  EPA,  Edison,  N.J.  Laboratory  (Tony  Tafuri , 
Contract  Officer).  The  soil  contains  low  organic  carbon,  and  8%  by 


weight  clay  sized  particles  although  the  fine  are  mostly  quartz.  When 
100  cc  of  a  69%  CGA  quality  mixture  made  from  0.5  g/1  solution  of  SDBS 
was  injected  into  400  g  (dry  weight)  of  the  saturated  soil  covered 
with  water  between  34.3  to  46.7  cc  of  CGA  air  bubbles  were  retained. 
Similiarly,  when  100  cc  of  a  68 %  CGA  quality  mixture  made  from  a  0.5 
g/1  solution  of  Tergitol  15-S-12  was  injected  between  18.6  to  23.2  cc 
of  the  air  bubbles  were  retained.  The  pick-up  with  the  SDBS  was 
better,  but  only  18.6  to  38%  of  the  CGA  bubbles  injected  adhered  to 
the  soil.  A  week  later,  the  CGA  bubbles  were  still  very  dispersed 
with  little  coalescence  apparent. 

The  adhesion  and  retention  was  generally  not  as  good  as  with  the 
golf  coarse  sand.  However,  this  "standardized'1  test  soil  seemed  to 
pack  poorly  and  have  a  low  bulk  density.  The  particle  density  also 
seemed  low.  During  the  test,  the  bubbles  just  expanded  the  soil 
matrix  and  escaped  up  through  the  very  unconsolidated  rather  fluidized 
soil  water  mixture.  The  authors  question  the  choice  of  this  soil  as 
"typical"  of  region  2  Superfund  sites. 

V.  REMOVAL  OF  SOLUBLE  HAZARDOUS  ORGANICS  USING  EXTRACTION/CGA 

SEPARATION  TECHNIQUES 

The  purpose  cf  this  third  study  was  to  evaluate  the  possibility 
of  using  an  extraction/CGA  separation  technique  (using  small 
quantities  of  solvents)  for  the  removal  of  a  soluble  hazardous  organic 
from  water.  Ortho  dichlorobenzene  was  selected  as  a  typical  hazardous 
organic  chemical  with  moderate  water  solubility  and  toxicity  for  these 
tests.  It  cannot  be  air  stripped,  is  not  easily  biodegraded  and  has 
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been  identified  in  contaminated  water  sources. 

The  first  step  in  this  limited  study  was  to  study  and  screen  a 
number  of  solvents  to  determine  their  feasibility  as  a  good  solvent 
for  removing  ortho  dichloro  benzene  from  water.  Eight  available 
solvents  were  selected  to  provide  a  range  of  chemical  properties. 

The  test  procedure  used  was  as  follows: 

1)  400  ml  of  5  to  7.5  ppm  ortho  dichlorobenzene  was 
placed  in  ten  500  to  1,000  cc  separatory  funnels.  Saturated 
ortho  dichlorobenzene  (solubility  100  to  145  mg/1  at  2Q  and 
25°C  respectively)  was  diluted  twenty  times  and  served  as 
the  common  feed. 

2)  Four  (4)  ml  of  the  solvent  being  tested  was  added 
to  its  designated  separatory  funnel  -  a  total  of  8  samples 
and  2  blanks. 

3)  A  ground  stopper  top  was  placed  on  each  funnel  and 
each  separatory  funnel  was  shaken  by  hand  vigorously  for  5 
minutes. 

4)  Observations  were  made  two  hours  later  and  the 
following  day. 

5)  After  draining  about  50  ml,  the  contents  of  the 
separatory  funnel  (180  ml)  was  placed  in  a  brown  bottle  with 
about  30  ml  of  head  space  and  sealed  in  a  new  septum  capped 
clean  bottle. 

6)  After  shaking  the  contents,  the  vapor  liquid 
mixture  was  allowed  to  come  to  equilibrium.  Head  space 


analyses  were  completed  on  the  solvent  treated  samples  and 
on  the  two  blanks  (no  solvent). 

The  results  of  this  study  are  summarized  on  Table  IK  The  most 
promising  solvents  for  removing  ortho  di chlorobenzene  (ODCB)  appeared 
to  be  the  decane  and  hexadecane  -  the  straight  chain  paraffins.  Based 
on  ODCB  in  the  head  space,  the  decane  removed  an  estimated  76%  of  the 
ODCB  while  not  being  dissolved  into  the  water  phase  (low  solubility). 
Clearly  several  of  the  branched  organics  extracted  ortho  dichloro¬ 
benzene  from  water;  however,  their  solubility  seems  high  as  indicated 
by  the  high  solvent  content  of  head  space. 

The  use  of  head  space  analyses  for  both  the  extractant  and 
raffinate  level  is  subject  to  considerable  error.  Aside  from 

assumptions  of  equilibrium  within  the  bottle  and  no  needle 

contamination  from  any  liquid  on  the  bottom  surface  of  the  septum  the 
sample  should  be  a  soluble  single  phase.  Any  solvent  phase  including 
dissolved  ODCE  floating  on  the  surface  of  the  raffinate  or  the  two 
phase  skimmed  surface  layer  will  give  distorted  head  space  analyses. 

The  of  Doth  the  extract  and  raff:rel c  layers  samples  are 

best  achieved  bv  extraction  of  the  solvent  tested  and  ortho 

di chlorobenzene  into  a  second  solvent  followed  by  centrifugation  with 
careful  attention  to  weights.  For  screening  purposes,  the  hope  was 
that  head  space  analyses  would  provide  indications  of  extraction  and 
separation  performance.  In  fact,  the  visual  observations  in  the 
separation  funnel  are  probably  more  important.  The  selection  of  the 
best  solvent  requires  additional  study  following  classical  analytical 
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techniques  as  described  in  Barbarl  &  King  (1982). 

However,  because  of  time  constraints,  it  was  decided  to  initiate 
the  extraction/CGA  separation  process  study  using  decane  -  a  straight 
chain  paraffin,  easily  biodegraded  and  relatively  cheap.  This  choice 
was  a  good  one.  Barbarl  and  King  (1982)  recently  determined 
equilibrium  distribution  (partition)  coefficients  for  extraction  of  17 
different  priority  pollutants  including  ortho  dichlorobenzene  from 
water  into  undecane  -  a  reasonable  model  for  kerosene.  A  partition 
coefficient  of  3030  was  measured  for  ortho  dichlorobenzene. 

The  goal  of  the  next  phase  of  the  study  was  to  evaluate  several 
extraction/CGA  flotation  combinations  for  the  removal  of  ortho 
di chlorobenzene  from  water  using  decane.  The  colloid  gas  aphrons  were 
used  to  float  the  decane  solvent  after  extraction  of  ortho 
di chlorobenzene  was  completed. 

The  first  step  in  the  test  procedure  was  to  pour  250  cc  of  a  5  to 
7.5  ppm  ODCB  solution  into  blender  (saturated  solution  of  ODCB  diluted 
twenty  times).  Small  amounts  of  decane  in  some  cases  containing  a 
drop  of  Tergitol  15-S-7  (oil  soluble  nonionic  surfactant)  were  added. 
TK~  .vir  '.:z:  dispersed  (p^^bly  emulsified)  using  a  high  speed  blender 
(flat  disk  agitator  operating  at  21,000  rpm)  w  allow  extraction  of 
the  ODCB  to  occur.  The  hazy  mixture  was  then  poured  into  a  i .000  ml 
flotation  separatory  funnel.  A  CGA  flotation  mixture  was  then  formed 
in  a  blender  using  21,000  rpm  agitation  for  30  seconds  and  200  ml  of 
the  gas/liquid  CGA  mixture  was  sparged  at  1  cc/sec  into  the  flotation 
separation  funnel  using  a  dip  stick.  Ihe  separation  was  observed  two 


68-38 


minutes  after  C6A  injection  was  completed  and  the  water  (lower)  layer 
drained  into  a  second  holding  separatory  funnel.  A  sample  of  the  bulk 
lower  water  layer  ("A"  samples)  and  most  of  the  surface  skum  ("B"  and 
"C"  samples)  were  taken  and  placed  in  a  septum  capped  bottles  for 
subsequent  head  space  analyses.  The  holding  separatory  funnel  was 
observed  the  following  day,  but  time  did  not  allow  for  sampling  and  GC 
analysis.  Aside  from  the  ODCB  feed  used,  only  the  head  space  from 
bulk  lower  water  layers,  1 1 1 A,  VIA  and  VI IA  and  the  surface  foam  1 1  IB, 
VIB  and  VI I  IB  and  VIIIC  were  analyzed.  A  constant  0.5  ml  vapor  (head 
space)  sample  was  injected  into  a  140°C  isothermal ly  operated  GC 
equipped  with  a  SE-30  column  and  a  flame  ionization  detector.  The 
recorder  determined  the  integrated  area.  A  description  of  the  tests 
conducted,  observations  made,  and  GC  analyses  completed  are  shown  on 
Table  III. 

While  only  preliminary,  a  combination  of  0.05  cc  decane  plus  a 
small  amount  of  an  oil  surfactant  (Tergitol  15-2-7)  can  be  effectively 
dispersed  and  removed  (clarified)  from  a  much  larger  amount  of  water 
containing  low  concentrations  of  ODCB,  runs  VI  and  VIII.  The  GC 
analysis  for  VI  indicated  a  preferential  concentration  of  the  decane 
in  the  skim  layer  387,366/49,970  =  7.8.  Similarly,  the  foam  VIIIC 
frorr.  run  VIII  (a  duplicate  of  VI)  showed  high  concentration  of  decane 
(436,196)  and  ODCB  (1080)  comparable  to  VIB  fro  decane  concentration 
and  favorable  to  feed  1  x  A,  i  B  for  ODCB  concentration.  However, 
the  bulk  liquid  V 1 1 1 A  apparently  still  contained  consider chle  decane 
(212,956). 


The  results  are  encouraging  in  terms  jf  demonstrating  the  use  of 
small  amounts  of  a  solvent  (0.05  cc)  in  a  mixer/separator  to  extract 
quantities  of  a  toxic,  hazardous  organic  such  as  ortho  di chlorobenzene 
from  250  cc  of  contaminated  water  and  particularly  the  ability  of  the 
flotation  process  using  CGA's  to  rapidly  float  the  decane  while 
leaving  a  clear  water  layer  in  the  batch/separator  batch  tests. 

The  potential  for  using  straight  chain  hydrocarbons  to  extract 
soluble  ortho  di chlorobenzene  has  been  documented  by  Barbarl  and  King, 
(1982).  They  experimentally  determined  the  equilibrium  distribution 
(partition)  coefficient  (weight  fraction)  of  3030  for  the  extraction 
of  ortho  di chlorobenzene  from  water  using  undecane.  Undecane  was 
chosen  as  a  reasonable  model  for  kerosene.  Furthermore,  if  results 
for  extraction  of  chlorobenzene  with  straight  chain  hydrocarbons  is 
any  indication  the  equilibrium  distribution  coefficients  for  ortho 
di chlorobenzene  will  increase  as  the  paraffin  chain  length  decreases, 
e.g.,  heptane  or  hexane,  see  again  Barbarl  and  King  (1982).  A  balance 
must  be  made  between  good  ortho  di chlorobenzene  extraction  and  the 
increased  solvent  solubility  (losses)  of  the  shorter  chained 
hydrocarbons. 

The  key,  however,  to  processing  success  using  small  quantities  of 
solvent  for  extraction  is  effective  removal  of  the  dispersed  solvent 
(extractant).  While  GC  analysis  of  the  head  space  is  indicative  of 
this  separation,  a  better  measure  is  the  clarity  of  the  raffinate  and 
extract  phases.  The  unique  combination  of  small  amounts  of  decane 
plus  trace  Tergitol  15-S-3  solvent  could  be  effectively  clarified  from 


VI.  CONCLUSIONS  AND  RECOMMENDATIONS 


Flow  of  CGA's  through  a  medium  sand  consolidated  matrix. 

1.  The  flow  of  CGA's  and  water/air  breakdown  products  is  very 
much  a  function  of  surfactant  type  and  concentration  level 
and  degree  of  pretreatment  provided.  Vertical  slice  and/or 
aquarium  three  dimensional  tests  would  be  helpful  to 
determine  the  effectiveness  of  CGA's  to  transport 
horizontally  through  a  soil  matrix  for  possible  scouring  or 
to  provide  a  delivery  formulation  for  in-situ  flushing  by  the 
CGA  liquid  or  in-situ  biodegradation  by  the  CGA  entrapped  air 
(or  02,  03,  etc.) 

Adhesion  and  Retention  of  CGA's  in  Unconsolidated  Matrices 

2.  The  injection  adhesion  and  retention  of  sparged  CGA's  in  a 
simulated  impoundment  resulted  in  air  to  water  volume  ratios 
in  the  flooded  sand  of  .56  to  1.25.  After  a  month  with  CGA's 
made  from  various  levels  of  Tergitol  15-S-9 ,  over  75%  of  the 
air  remained  entrapped  in  the  matrix. 

The  feasibility  of  using  these  CGA's  (perhaps  made  from 
0^)  for  biodegrading  organics  in  situ  should  be  explored. 
Limited  studies  on  campus  have  already  proved  its 
effectiveness  for  biodegrading  phenci  in  situ  using 
pseudomonis  pudita  mixed  with  CGA's  during  injection.  There 
must  be  a  number  of  situations  where  in  situ  treatment 


techniques  using  specific  or  a  broad  range  of  micro-organisms 
could  be  used  to  facilitate  biodegradation  of  organics  in 
impoundments  sediments  or  buried  underground  below  the  water 
table. 

The  use  of  straight  chain  paraffin  such  as  decane  in  an 
extraction/f lotation  process  for  removal  of  small  amounts  of 
ortho  dichlorobenzene  from  water  looks  promising.  With  a 
favorable  partition  coefficient,  initial  studies  have 
demonstrated  an  effective  separation  (phase  clarity)  using 
CGA  technology.  The  recommendation  is  to  initiate  a  more 
complete  laboratory  process  development  study  to  evaluate 
various  possible  solvents  for  their  extraction  capability 
(Distribution  Coefficient)  and  to  evaluate  separation 
characteristics  using  CGA’s  as  well  as  oil  aphrons  for 
extraction/flotation  processing. 
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ABSTRACT 


Through  interaction  with  the  Materials  Laboratory,  an 
experimental  apparatus  for  Hall  Effect  and  resistivity 
measurements  has  been  established  in  the  Physics  Department 
at  the  University  of  Dayton.  It  operates  over  a  temperature 
range  of  4  to  400K.  The  system  has  been  tested  with  silicon 
and  gallium  arsenide  and  compared  to  a  comparable  system  at 
the  Materials  Laboratory.  It  has  proved  to  be  reliable  for 
supplemental  measurements  for  that  laboratory.  An  electron 
paramagnetic  resonance  spectrometer  has  been  used  to  examine 
similar  gallium  arsenide  materials  and  comparisons  made  to 
earlier  silicon  work.  Preliminary  work  indicates  that  with 
some  dopants  there  are  weak  but  as-yet  unidentified  signals 
at  77  and  300K.  There  remains  the  possibility  of 
identification  of  the  defects  responsible. 
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I.  INTRODUCTION 


An  important  concern  of  the  Materials  Laboratory  at 
Wright-Patterson  Air  Force  Base  is  the  characterization  of 
semiconductors  for  infrared  sensitive  detectors.  The 
behavior  of  these  materials  depends  on  very  low  concentra¬ 
tions  of  imDurities  and  defects  in  the  semiconductor.  By 
combining  Hall  Effect  and  resistivity  measurements  as  a 
function  of  temperature,  the  electrical  transport  properties 
(carrier  concentration.  Hall  mobility,  and  conductivity)  can 
be  determined.  From  the  temperature  dependence  of  the 
carrier  concentration,  the  identities  and  concentrations  of 
the  impurities  can  be  inferred.  More  complex  defects  may  be 
analyzed  using  other  techniques,  for  example,  electron 
paramagnetic  resonance.  The  Identities  of  these  defects 
often  emerge  as  a  result  of  annealling  studies. 

In  the  past  at  the  Materials  Laboratory  major  attention 
has  been  focused  on  silicon.  A  more  recent  thrust  includes 
Increased  interest  in  gallium  arsenide.  The  SCEEE  Fellow 
involved  in  this  study  has  experience  in  transport  studies, 
radiation  damage,  and  electron  paramagnetic  resonance.  Due 
to  the  availability  of  an  experimental  apparatus  for  the 
Hall  Effect  at  his  university  and  the  general  interest  at 
the  Materials  Laboratory  for  such  measurements,  an  upgrade 
of  the  university  capability  for  supplemental  measurements 
was  very  appropriate.  The  experience  of  the  Fellow  in 
electron  paramagnetic  resonance  and  the  availability  of  a 
university  spectrometer  coupled  with  the  fact  that  such  a 
facility  is  not  available  at  the  Materials  Laboratory,  made 
pursuit  of  this  method  for  the  identification  of  defects 
very  desirable.  The  Fellow's  previous  experience  with 
electron  paramagnetic  resonance  in  silicon  was  also 
attractive.  His  radiation  damage  experience  could  be 
helpful  in  future  annealling  experiments.  He  was  involved 
in  this  type  jf  work  earlier  with  silicon. 


XI.  OBJECTIVES 


The  following  is  the  research  goals  a^d  objectives  statement 
submitted  to  SCEEE  on  April  26,  1983: 

’’During  the  summer  1983  appointment  I  will  work  with 
Dr.  Patrick  Hemenger  of  the  Materials  Laboratory  at 
Wrlght-Patterson  Air  Force  Base.  The  work  of  the  group  with 
which  he  is  associated  is  concerned  with  the 
characterization  of  semiconductor  materials  for  infrared 
detectors.  Past  work  has  been  largely  Involved  with  silicon 
doped  with  various  acceptors  and  donors.  A  newer  thrust 
involves  a  greater  Interest  in  gallium  arsenide.  Due  to  my 
experience  in  electron  paramagnetic  resonance  and  transport 
studies,  the  following  possibilities  will  be  explored. 

’’Electron  paramagnetic  resonance  studies  will  be 
attempted  in  the  gallium  arsenide  materials.  Comparisons 
will  be  made  to  measurements  in  silicon.  In  this  work  and  a 
related  search  of  the  literature,  an  attempt  will  be  made  to 
determine  if  this  technique  would  be  useful  to  the  Materials 
Laboratory  in  its  characterization  of  gallium  arsenide. 

’’Transport  studies  are  regularly  conducted  at  the 
Materials  Laboratory.  An  Independent  experimental  facility 
for  Hall  Effect  and  resistivity  measurements  exists  in  the 
Physics  Department  at  the  University  of  Dayton. 
Measurements  on  common  samples  will  be  conducted  in  both 
laboratories  and  comparisons  made.  It  is  expected  that  both 
silicon  and  gallium  arsenide  will  be  Involved.  The  degree 
of  agreement  will  be  examined.  This  work  should  lead  to  the 
possibility  of  supplemental  measurements  for  the  Materials 
Laboratory  in  the  university  laboratory. 

"The  result  of  the  ten-week  summer  appointment  should 
lead  to  a  relationship  with  the  Materials  Laboratory  and  an 
Involvement  in  its  semiconductor  materials  characterization 
program. " 


III.  EXPERIMENTAL  FACILITIES 


A)  Transport  Studies  Apparatus 

The  techniques  used  in  the  transport  studies  are 
standard  techniques  as  described  in  Putley.1  Improvements 
have  been  described  by  the  Materials  Laboratory^  and 
elsewhere. 3  For  the  transport  studies  apparatus  the  sample 
configuration  is  a  six  point  probe.  The  carefully  con¬ 
trolled  current  enters  one  end  electrode  and  exits  the 
other.  A  measurement  of  a  voltage  between  two  side-by-side 
electrode  points  yields  the  resistivity.  By  measuring  the 
perpendicular  voltage  between  two  opposite  electrode  points 
with  an  appropriately  applied  magnetic  field,  the  Hall  coef¬ 
ficient  is  determined.  These  measurements  lead  to  the  car¬ 
rier  concentration,  the  mobility  and  dopant  energy  levels. 

During  the  summer  project  the  existing  apparatus  st  the 
University  of  Dayton  was  upgraded  to  approach  the  quality  of 
the  comparable  facility  at  the  Materials  Laboratory.  The 
existing  five-point  sample  configuration  was  replaced  with  a 
six-point  one  for  use  with  a  Hall  bar.  A  new  high 
resistance  Deutsch  connector  was  installed  as  well  as  a 
second  thermocouple.  Improvements  were  made  In  magnetic 
field  calibration  and  temperature  control.  The  early 
measurements  were  taken  over  a  temperature  range  of  77  to 
300K,  that  is,  from  liquid  nitrogen  temperature  up  to  room 
temperature.  By  using  liquid  helium  the  range  was  extended 
down  to  JJK  and  with  the  use  of  a  heating  coil  up  to  400K. 
The  temperaure  range  Is  now  the  same  as  is  used  by  the 
standard  Hall  Effect  appcratus  at  the  Materials  Laboratory. 

B)  Electron  Paramagnetic  Resonance  Spectrometer 

The  electron  paramagnetic  resonance  equipment  that  was 
used  in  the  study  is  a  modified  form  of  the  Varian 
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Associates  Model  4500  series  EPR  Spectrometer.  This  x-band 
spectrometer  operates  at  about  9.5  Gigahertz,  or  about  9*2 
Gigahertz  with  a  quartz  dewar  inserted.  The  external 
magnetic  field  for  the  Zeeman  splitting  is  provided  by  a 
Varian  12-inch  regulated  and  water-cooled  magnet  with  field 
scanning  provisions.  The  microwaves  are  produced  by  a 
klystron,  are  distributed  by  a  microwave  bridge,  and  are 
detected  by  a  crystal  detector.  The  original  hybrid  tee 
bridge  has  been  replaced  by  a  more  efficient  three- 
port-circulator  arrangement.  The  klystron  is  stabilized 
with  automatic  frequency  control.  The  spectrometer  operates 
in  the  absorption  mode. 

This  spectrometer  has  a  100-kllohertz  crystal- 
controlled  oscillator  which  generates  the  field  modulation, 
and  a  high  gain  amplifier  and  phase  detector  for  the  sensing 
of  the  EPR  signal.  The  spectrometer  can  detect  10^  +  25% 
spins.  Due  to  the  weak  intensity  of  the  EPR  lines  observed 
in  the  materials  of  concern,  a  signal  averaging  technique 
was  employed  using  a  Tracor  Northern  TN-1710.  Typically  25 
sweeps  produced  a  useful  spectrum.  Also  a  test  was 
conducted  of  the  three  available  cavities  and  the  most 
sensitive  was  selected  for  these  measurements  because  of  the 
very  weak  signals  Involved. 

For  magnetic  field  calibration  and  Intensity 
calibration,  a  manganese  marker  was  permanently  installed  in 
the  EPR  cavity.  The  marker  employed  was  forsterite,  a 
material  characterized2*  earlier  by  the  SCEEE  Fellow.  Its 
location  in  the  cavity  was  such  that  Its  phase  was  opposite 
to  that  of  the  sample,  making  differentiation  easy.  The 
marker  has  a  six-line  hyperfine  spectrum  which  spans  some 
435  gauss  centered  near  g  *  2.  These  lines  were  used  for 
relative  g-value  (spectroscopic  splitting  factor) 
measurements  and  intensity  measurements.  Both  g-value  and 
intensity  calibrations  were  made  using  a  standard  reference 
of  0.00033S  pitch  in  KC1. 
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C )  Annealllng  Equipment 


The  silicon  heat  treatment  was  done  in  a  Blue  M  Stabil- 
Glow  tube  furnace  with  temperature  control.  The  samples 
were  on  a  quartz  boat  in  a  quartz  tube  and  were  bathed  in  an 
argon  atmosphere  during  heating  and  cooling.  The  samples 
were  sandwiched  between  ultra-high  purity  silicon  wafers 
during  treatment.  The  furnace  was  brought  to  temperature 
before  the  boat  was  inserted.  At  the  end  of  the  anneal 
time,  the  boat  was  quickly  pulled  to  the  end  of  the  quartz 
tube  and  kept  in  the  argon  atmosphere  until  its  return  to 
room  temperature.  All  samples  were  given  an  RCA  wash  cycle 
before  each  anneal  and  were  measured  by  EPR  just  afterwards. 

When  isochronal  anneals  were  done,  the  time  at 
temperature  was  one-half  hour  and  the  temperatures  range  in 
100  degrees  steps  from  250°C  to  750°C  or  1050°C.  The 
isothermal  anneals  were  performed  at  550°C  fGr  total  times 
ranging  from  one-half  hour  to  16  hours. 


IV .  MEASUREMENTS  AND  RESULTS 
A)  Transport  Studies 

With  the  improved  transport  studies  apparatus,  several 
measurements  were  made.  The  first  series  involved  silicon 
with  indium  (Si:In)  and  gallium  (Sl:Ga)  dopants.  Both 
materials  had  been  well  characterized  at  the  Materials 
Laboratory. 5  The  results  of  initial  measurements  are  shown 
for  Si: In  in  Figure  1  and  for  $i:Ga  in  Figure  2.  In  these 
figures  the  data  points  are  displayed  as  plus  signs  and  the 
solid  line  is  a  fit  via  the  charge  balance  equation.  The 
goodness-of-f it  is  described  by  a  chi-square.  Both  fits  are 
good  as  displayed  by  the  chi-square  and  the  results  agree 
well  with  the  previous  Materials  Laboratory  measurements. 
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These  good  fits  and  the  agreement  with  the  values  of 
parameters  measured  at  the  Materials  Laboratory  provide  a 
validation  of  the  new  experimental  arrangement. 

Both  of  the  above  data  sets  are  for  a  temperature  range 
of  77  -  300K.  When  the  range  was  extended  to  35  -  393K,  the 
chi-square  increased  noticeably.  This  less  desirable  fit 
was  traced  to  the  low  temperature  data,  where  temperature 
control  is  much  more  critical.  In  the  low  temperature  range 
(4  -  77K)  better  temperature  control  is  required.  This  fit 
is  displayed  in  Figure  3  for  the  Si:Ga  sample. 

After  this  equipment  test,  some  new  samples  of  gallium 
arsenide  doped  with  indium  (GaAsrln)  and  antimony  (GaAs:Sb) 
were  examined.  The  data  is  displayed  for  GaAsrln  in  Figure 
4  and  for  GaAsrSb  in  Figure  5*  Both  fits  are  very  good  over 
the  range  reported.  Both  materials  have  a  very  high 
resistivity  and  therefore  cannot  be  measured  at  the  lower 
temperatures,  a  difficulty  shared  by  the  comparable 
apparatus  at  the  Materials  Laboratory.  The  higher 
temperature  limit  is  imposed  by  the  400K  temperature  design 
of  the  apparatus,  also  the  limit  ac  the  Materials 
Laboratory.  New  values  for  the  activation  energies  have 
been  determined  however. 

In  order  to  analyze  the  data,  it  is  necessay  to  know 
the  Hall  scattering  factor,  the  r-factor.  It  is  the  ratio 
of  the  Hall  mobility  to  the  conductivity  mobility.  The  Hall 
mobility  is  determined  by  the  experiment,  but  the 
conductivity  mobility  is  required  in  the  data  analysis.  The 
Hall  scattering  factor  as  a  function  of  temperature  has  been 
calculated  at  the  Materials  Laboratory, ^  and  that  result  has 
been  used  in  this  analysis.  Also  refined  values  for  the 
effective  mass  computed  at  the  Materials  Laboratory^  were 
used  in  these  calculations.  In  addition,  it  is  assumed  here 
that  the  g  for  each  level  is  four  consistent  with  the  best 
current  Information  at  the  Materials  Laboratory. 
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The  parameters  derived  from  the  best  fit  experimental  runs 
are  summarized  in  the  following  table. 


MATERIALS  LAB 

SAMPLE  NUMBER 

TEMP ( K ) 

RANGE 

NO.  OF  Nd 

LEVELS  (cm-3) 

ENERGY-1 

<na)i 

ENERGY-2  X2 
(Na)2 

Sl:In 

77-300 

2 

0. l80eV 

0.141eV 

0.63 

0053-0153-1145 

9.50E12 

5.65E16 

8.40E15 

Sl:Ga 

77-300 

1 

J. 

0.068eV 

— 

0.95 

0289-1152-1144 

1.69E14 

2.72E16 

- 

Sl:Ga 

35-353 

2 

0. 069eV 

0 . 021eV 

1.71 

0289-1152-1144 

1.74E15 

2.74E16 

1.73E15 

GaAs:In 

292-387 

1 

0.778eV 

_ 

0.28 

G301-1198-1171 

4.56E11 

1.17E15 

- 

GaAs:Sb 

203-393 

1 

0.484eV 

_ 

1.21 

G300-1182-1169 

9.63E18 

1.04E21 

— 

In  the  table  the  number  of  donors  and  i»  the 

chi-square  of  the  fit.  ENERGY-1  and  (Na)j  are  the 
activation  energy  and  number  of  acceptors  of  type  1.  If  a 
two-level  fit  was  successful  similar  parameters  are  given 
for  the  second  acceptor. 

For  the  silicon  samples  the  energies  are  generally 
close  to  accepted  values, ^  with  perhaps  the  indium  doped 
sample  a  little  high.  With  a  poorer  chi-square  they  are  in 
excellent  agreement.  The  second  level  detected  in  gallium 
can  also  oe  improved  with  a  poorer  chi-square.  For  the 
gallium  arsenide  samples  there  are  no  accepted  values. 
However,  the  results  obtained  are  in  good  agreement  with 
preliminary  data  from  the  Materials  Laboratory. 


B)  Electron  Paramagnetic  Resonance  Experiments 


Initial  efforts  in  electron  paramagnetic  resonance 
centered  on  improving  the  sensitivity  and  ii.  calibrating  the 
magnetic  field  and  intensity.  Then  a  series  of  preliminary 
experiments  were  conducted  on  gallium  arsenide,  with 
guidance  from  previous  work  on  silicon. 

A  literature  search  yielded  the  most  information  on 
gallium  arsenide  doped  with  chromium, 9  GaAs:Cr.  As  a  result 
this  material  was  investigated  first,  both  at  room 
temperature  (300K)  and  at  liquid  nitrogen  temperature  (77K). 
The  77K  measurements  were  done  with  nitrogen  gas  passed 
through  a  heat  exchanger  immersed  in  liquid  nitrogen,  and 
therefore  the  temperature  was  Just  above  77K.  For  the 
GaAs:Cr  sample,  no  reliable  signal  was  detected  at  300K  and 
only  a  very  weak  line  at  77K.  The  work  was  then  directed 
toward  two  other  dopants  of  interest  because  of  their 
semi -insulating  possibilities.10  [Many  references  other 
than  those  listed  herein  were  found;  a  reviewll  includes 
many  of  them. ] 

In  samples  of  GaAs:In  at  300K  and  at  77K  a  line  was 
detected.  An  example  is  shown  in  Figure  6A.  As  the 
perpendicular  to  the  sample  wafer  was  rotated  relative  to 
the  magnetic  field  of  the  spectrometer,  the  magnetic  field 
location  of  the  line  was  observed  to  move  and  its  width  was 
found  to  change.  When  samples  of  GaAsiSb  were  measured,  two 
lines  were  observed,  both  at  300K  and  77K.  When  the  sample 
is  rotated,  one  of  these  lines  appears  to  be  fixed  at  a 
value  of  g  *  2.0723  while  the  other  moves  in  field.  This 
pattern  is  shown  in  Figure  6B.  This  data  suggests  a 
complicated  rotation  pattern  about  this  axis;  the  pattern 
may  become  simplier  about  another  axis.  Also  computer 
modeling  of  the  spectra  could  aid  in  Isolating  the 
parameters  of  individual  lines. 


The  data  from  these  GaAs  measurements  is  summarized  in  the 
following  table. 


DOPANT 

TEMPERATURE 

(X) 

g-VALUE/LINEWIDTH (Gauss ) 

0° 

450 

900 

Cr 

77 

2.0579/24g 

In 

300 

2.0058/23g 

2.2ii35/l65g 

In 

77 

2.0662/197g 

2.1tm/3l6g 

2.078V237g 

Sb 

300 

2.08l|4/87g 

Sb 

77 

2 . 0004/211g 

2 . 0704/230g 

2 . 104  V342g 

In  the  table  the  temperatures  are  nominal  figures.  The 
g-values  are  accurate  only  to  about  0.1%  and  the  line-widths 
are  measured  between  the  two  points  of  inflection. 
Ordinarily  the  defects  are  identified  by  g-values  and 
relaxations  during  annealling  studies.  No  literature 
g-value  information  has  been  located  for  these  two  dopants. 
The  limited  time  available  for  this  project  prevented  any 
serious  annealling  experiments,  however  some  annealling  has 
been  done  and  more  studies  are  recommended  for  the  future. 
It  appears  that  such  work  could  shed  light  on  the  defects 
involved. 


V.  CONCLUSIONS 


The  ten-week  effort  of  this  summer  project  leads  to  the 
following  conclusions : 

1)  A  reasonable  Hall  Effect/resistivity  apparatus  has  been 
established  in  the  Physics  Department  at  the  University  of 
Dayton  and  results  of  measurements  on  silicon  and  gallium 
arsenide  are  in  good  agreement  with  comparable  measurements 


at  the  Materials  Laboratory. 

2)  Measurements  conducted  during  this  project  have  yielded 
values  for  impurity  energy  levels  previously  unreported  for 
indium  or  antimony  in  gallium  arsenide. 

3)  In  gallium  arsenide  doped  with  indium  or  antimony,  the 
electron  paramagnetic  resonance  spectrometer  in  the  Physics 
Department  at  the  University  of  Dayton  can  detect  weak 
signals  at  room  temperature  and  at  liquid  nitrogen 
temperature.  Further  measurements  and  annealling  studies 
could  yield  useful  information  on  the  defects  responsible. 


VI.  RECOMMENDATIONS 

The  ten-week  summer  research  project  resulted  in  the 
following  recommendations: 

1)  Supplemental  measurements  for  the  Materials  Laboratory 
should  be  made  on  the  University  of  Dayton  Hall  apparatus. 

2)  The  Hall  apparatus  should  be  enhanced  by  Improving  the 
temperature  control  at  the  low  temperature  range,  4  -  77K. 

3)  Additional  electron  paramagnetic  resonance  measurements 
should  be  made  on  the  University  of  Dayton  spectrometer  in 
order  to  learn  more  about  the  nature  of  the  defects 
involved.  Computer  simulation  of  spectra  should  be  pursued 
to  Isolate  adjacent  spectral  lines. 

4)  For  electron  paramagnetic  resonance  measurements,  the 
samples  should  be  carefully  x-ray  oriented  due  to  the 
complicated  rotation  patterns  observed. 

3)  Annealling  studies  should  be  conducted  to  aid  in  the 

identification  of  the  semiconductor  defects. 

6)  The  possibility  of  electron  paramagnetic  resonance 
measurements  at  liquid  helium  temperaure  should  be  explored. 
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Abstract 


A  procedure  that  may  allow  the  specification  of  a  synergetic 
maneuver  from  one  Keplerian  orbit  to  another,  lying  in  a  different 
plane  and  with  different  pedigree,  depends  on  knowing  the  equations 
of  motion  of  the  vehicle  on  the  transfer  orbit.  When  the  transfer 
orbit  is  also  Keplerian,  solutions  to  this  problem  for  different 
impulse  requirements  have  been  given.  When  the  transfer  orbit  is  not 
Keplerian  but  subject  to  drag,  a  solution  is  known  for  an  optimal, 
two-impulse  transfer  trajectory  subject  to  a  very  special  form  of  the 
drag.  To  attempt  to  apply  the  technique  to  the  case  of  Interest, 
hypersonic  flight  through  a  resisting  atmosphere,  requires  the 
reformulation  of  the  differential  equations.  Initially,  these 
equations  are  cast  in  a  form  suitable  for  numerical  integration  on  a 
high-speed  computer.  The  desired  form  needs  to  be  more  amenable  for 
theoretical  analysis.  This  reformulation  is  done  in  this  report. 
Suggestions  for  continued  research  in  this  area  are  offered. 
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I.  Introduction 


The  problem  addressed  In  this  report  is  the  formulation  of  the 

equations  of  motion  governing  the  orbit-to-orbit  transfer  of  a 

vehicle.  Only  the  aerodynamic  forces  and  the  equations  incorporating 

these  are  considered;  the  inclusion  of  aerodynamic  heating  as  a 

constraint  is  deferred  to  a  later  report. 

Orbit-to-orbit  transfers  have  been  considered  by  many  authors. 

References  are  not  intended  to  be  inclusive  of  the  literature; 

rather,  they  are  directed  more  as  indicators  of  the  thinking  that 

underlies  the  material  discussed  herein.  The  problems  that  have  been 

successfully  solved  include:  a)  transfer  between  circular  orbits 

lying  in  the  same  plane  and  requiring  minimum  energy:*  b)  transfer 

2 

between  Keplerlan  orbits  using  two  fixed  impulses  ;  c)  tran¬ 
sfer  between  Keplerlan  orbits  when  the  transfer  orbit  contains  a 

velocity-dependent  term  and  requiring  minimum  energy  \  D.J. 

4 

Jezewskl,  using  an  Impulse  optimization  method  and  the  results  of 
an  atmospheric  guidance  logic,  studied  the  problem  of  going  from  a 
specified  initial  Keplerlan  orbit  to  a  transfer  orbit  consisting  of 
three  parts  to  a  fixed  Keplerlan  orbit.  The  three  parts  of  the 
transfer  orbit  are  an  initial  phase  which  is  Keplerlan,  an 
intermediate  phase  which  is  motion  through  an  atmosphere,  and  a  third 
phase  which  is  again  Keplerlan.  The  intermediate  phase,  the 
atmospheric  portion  of  the  solution,  is  discussed  in  Hill\ 

With  the  exception  of  this  intermediate  phase,  which  is  a 
numerical  solution  of  a  system  of  differential  equations  requiring 


approximately  10  minutes  on  a  high-speed  computer  (Univac  1110 
series) ,  all  of  the  problems  mentioned  above  are  solved  in  closed 
form  and  in  terms  of  known  functions.  The  purpose  of  this  report  is 
to  attempt  to  approximate  this  numerical  computation  by  a  closed  form 
solution  in  terms  of  known  functions. 

The  proposed  method  of  solution  is  based  on  the  following 
observations.  Historically,  the  solution  of  the  differential  equat¬ 
ions  of  motion  for  an  orbital  trajectory  is  an  initial  value  problem. 
Given  the  equations  of  motion  and  the  initial  conditions,  one  studies 
the  motion,  the  position  and  velocity,  along  the  trajectory, 
generally  as  a  function  of  time  or  in  terms  of  some  other  variable 
closely  related  to  time.  That  is  not  the  case  for  orbit-to-orbit 
transfer.  Here,  one  starts  the  vehicle  at  some  point,  to  be 
determined  as  a  condition  of  solution  of  the  problem,  on  an  initial 
Keplerlan  orbit,  with  an  initial  velocity,  also  to  be  determined  as  a 
condition  of  the  solution.  Having  started  the  vehicle  with  these 
initial  conditions,  the  equations  of  motion  of  the  vehicle  through 
the  resisting  medium  are  operative  until  the  vehicle  reaches  some 
point,  again  possibly  to  be  determined  as  a  condition  of  the  solution 
of  the  problem,  on  a  prescribed  final  orbit,  with  a  final  velocity, 
again  possibly  to  be  determined  as  a  condition  of  solution  of  the 
problem.  Fcr  a  problem  such  as  this,  it  is  clear  that  only  the 
initial  and  final  positions  and  velocities  of  the  vehicle  are  of 
Interest  (subject,  of  course,  to  the  physical  constraints  on  the 
vehicle  during  the  transition  along  the  transfer  trajectory).  For 
these  reasons,  when  we  try  to  find  a  solution  both  of  whose  end¬ 
points  may  be  prescribed,  we  refer  to  the  problem  as  a  boundary  value 
problem. 


If  one  could  write  the  solution  to  the  initial  value  problem  in 
closed  form  and  in  terms  of  known  functions,  (something  we  have  not, 
in  general,  learned  to  do)  then,  at  least  conceptually,  one  should  be 
able  to  specify  the  conditions  for  the  boundary  value  problem  and 
determine  the  values  of  the  constants  of  Integration  in  terms  of  the 
boundary  conditions.  The  algebraic  complications  are  formidable  and 
recourse  is  made  to  an  alternate  approach.  The  alternative  method 
depends  on  deriving  the  integrals  of  motion.  Thus,  Jezevski  & 
Mittlemaii  depends  in  part  on  Jezewski  &  Mittleman 

II.  Objectives 

The  main  objective  of  this  project  is  to  recast  the  equations  of 
motion  for  hypersonic  flight  mechanics,  generally  given  In  the  form 
of  a  system  of  differential  equations  suitable  for  solution  by 
numerical  methods  on  a  high  speed  computer,  into  a  form  better  suited 
for  analytic  study.  In  particular,  the  formulation  chosen  for  this 
analytic  study  had  been  used  successfully  in  studying  orbit-to-orbit 
transfer  in  the  Keplerlan  case  and  when  the  transfer  orbit  is  modifi¬ 
ed  by  a  specialized  drag.  This  relationship  is  established  and  the 
several  terms  used  in  one  formulation  are  identified  and  related  to 
their  correspondents  in  the  other. 

III.  The  Equation  of  Motion  in  a  Resisting  Medium 

The  development  of  the  equations  of  motion  in  this  section  is 
taken  from  Vlnh,  Busemann,  Culp7,  specifically  chapters  2  and  13. 

For  completeness  only,  the  relevent  equations  are  repeated  here.  The 
reader  '•  referred  to  their  text  for  a  full  description.  A  dual 
number  tv  item  Is  used  in  this  section  for  the  equations  given.  When 
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written  in  parenthesis,  such  as  (2-27),  the  number  is  the  same  as  in 
their  text;  when  written  in  brackets,  such  as  [3*4],  the  number  will 
be  the  one  used  In  this  report.  Thus,  [3-4]  will  be  the  fourth 
equation  in  section  111. 

Consider  a  spherical  rotating  planet  and  let  OX^Y^Z^  be  an 
inertial  coordinate  system  with  0  at  thi*  sphere's  center  and  with 
the  OXjYj  plane  coincident  with  the  equitorial  plane.  Let  OXYZ 
be  a  coordinate  system  fixed  in  the  planet  and  rotating  with  it  with 
constant  angular  velocity  .  At  time  t  -  0,  0X^  and  OX  coincide. 
Newton's  equation 


dv 

dt 


*  F 


(2-3) 


13-1] 


valid  in  the  inertial  system,  becomes  in  the  rotating  system 

& 


in  -7-  *  7  -  2rxv*  x  V  -  nruT  x  (w  x  r ) 
dt 


(2-13) 


[3-2] 


where  now  V  Is  the  velocity  in  the  rotating  coordinate  system. 
Using  spherical  coordinates  fixed  in  the  planet,  the  position  vector 
?i.  given  by  its  magnitude  r,  its  longitude  9  (measured  from  the 
OX  axis  positively  eastward),  and  its  latitude  (measured  from 
the  equatorial  plane  along  a  meridian,  positive  northward). 

A  third  coordinate  system  Oxyz  is  Introduced.  The  Ox  axis  is 
along  the  vector  ?  ,  the  y-axis,  orthogonal  to  Ox,  is  in  the 
equitorial  plane  and  positive  in  the  direction  of  motion,  and  Or  is 
chosen  to  form  a  right-handed  system. 
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Fig.  2-3.  Coordinate  systems. 

If  this  coordinate  system  is  translated  so  that  its  origin 

— J ¥ 

coincides  with  the  end-point  of  the  position  vector  V*  ,  then  Ox  is  in 
the  direction  of  the  outward  drawn  normal  to  the  sphere  with  center  0 
and  radius  r,  and  the  Oyz  plane,  called  the  local  horizontal  plane, 
is  tangent  to  the  sphere  at  that  point.  The  Oy  direction  is  tangent 
to  the  circle  of  latitude  and  we  shall  assume  positively  directed 
eastward  and  Oz  is  tangent  to  the  meridian  circle  and  positively 
directed  northward. 

The  velocity  vector  V  lies  in  the  local  horizonal  plane  only 
for  "level"  flight.  Otherwise,  V  makes  an  angle  X  ,  the  flight  path 
angle,  with  this  plane;  U  implies  the  vehicle  is  climbing.  The 
angle  \{s  ,  called  the  heading,  is  measured  in  the  tangent  plane  from 
the  Oy  direction  (i.e.  from  the  direction  of  the  circle  of  latitude) 

and  is  positive  when  the  vehicle  is  heading  north  of  east. 

— * 

Let  i,  j,  k  be  unit  vectors  in  the  direction  Ox,  Oy,  Oz  respec¬ 
tively.  Then  we  may  write 


(2-14) 


From  these  three  equations,  we  calculate 


iV  =  -  (u  V  cos  y  cos  <$>  cos  )  i  +  wV(sinYCOs4>-cosy  sin<f>  sin  )  j* 
+  uV  cos  y  sin4>  cos  4»  k  (2-17) 


-  —  —  22—2  — 
u  x(w  xr)  =  -u  r  cos  <f>  i  +  u  r  sin  4>  cos<}>  k 


(2-18) 


values  needed  in  eq.  (2-13),  [3-2], 

The  gravitational  component  of  the  force  F  is 

mg'  =  -  mg(r)  T  (2-19)  [3-8 

A  drag  force"?,  oppositively  directed  to  the  velocity  vector  V,  and  a 
lift  force"?,  orthogonal  to*D,  comprise  the  aerodynamic  forces”?.  We 
assume  a~ thrust  vector  T  lying  in  the  (D,L)  plane  and  making  an  angle  £ 
with  the  velocity  vector  7.  Then  Tcosc  is  the  component  of  7  along 

— •>  -t  -f 

the  velocity  V  and  Tsinfc  is  the  component  of  T  along  L.  For  conve¬ 
nience,  the  aerodynamic  and  propulsive  forces  are  combined,  and  we 


define 


FT  =  T  cos  c  -  D 


FN  =  T  sine  +  L 


[3-9.1] 

(2-20)  [3-9.2] 


Thus  is  the  component  of  the  combined  aerodynamic  and  propulsive 

-t  — * 

forces  along  V  and  is  their  component  along  L.  If  FT  and  F^ 

^ 

are  written  in  the  (i,j,k)  system,  we  have: 

*  <FT»iny)  r  4  (FTcos  YCOS^)  j*  ♦  (Ftcosy  Sin^)  k  (2-21)  [ 


co,v  co,V)  -  (Fn  cosv  siny  cos4»  4FNsin«r  sin*)]* 

-  (*“N  cosy  sinysin*  -  F^  sin*  cos  <|<)  IT  (2-24) 


[3-10.1] 


[3-10.2] 


where  9*  is  the  angle  between  the  vector  L  and  the  (V,V)  plane, 
which,  in  Fig. (2. A),  is  referred  to  as  the  vertical  plane. 
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Fig.  2-4.  Aerodynamic  forces  and  thrust  components. 


Equation  (2-13),  [3-2]  was  written  for  the  OXYZ  coordinate 


system  whereas  the  development  given  above  was  in  the  Oxyz,  or 
equivalently,  the  (i,J,k)  system.  To  obtain  the  equivalent  of 


eq.  (2-13),  [3-2]  in  the  (i,j,k)  system,  we  need  the  angular  veloci- 


ty  JL  of  the  Oxyz  system  with  respect  to  the  OXYZ  system.  This  is 
D  •  (.in,  ^j->r  -  <!£>f  +  (co.*  (2.25) 


[3-11] 


It  *  xSr  *  |f>  r  +  <|£>ir 


[3-12.1] 


*  O  x  j*  *  -  (co.  4  f  +  (.in,  ^)  iT 


(2-26) 


[3-12.2] 


Ir  *  ° **  *  -  <|f> r  •  r 


[3-12.3] 


Frcm  eq.  (2-14),  [3-3]  end  using  eq.(2-16),  [3-5]  we  get 


If  *  (£,r  Mreo.*  |2ir+(r£,jf  (2.j 


[3-13] 


W,  •* 
% \\ 


.v  .*■ . 
V;.*. 


.*  v  V.‘<\ 
.%  , » .  „  • 


•  vv  v; 


iW 

r-.  %  *.  * 


,s‘ 


vSpvS 


Comparing  eqs.  (2-27),  [3-13]  and  (2-15),  [3-4]  we  get  the  three 


kinematic  equations. 


dr  XT 

jT  *  v  *“•» 


[3-14.1] 


dQ  _  V  cos  y  cos 
dt  r  cos  4> 


(2-28) 


[3-14.2] 


d<j>  _  V  cos  y  sin  6 
dt  r 


[3-14.3] 


If  we  compute _ -  from  eq.  (2-15),  [3-4]  and  simplify  using 


eqs.  (2-26),  [3-12]  and  (2-28),  [3-14]  we  have 


dV  f  .  dV  dv  V  2  1  - 

Tt  =  L,inv  dT  +  Vcoi^  it  -  T CC8  VJ  1 

m  +  £cos  y  cos  4*  -  V  siny  cos  4  V  cos  y  sin  ^  ^ 

+  cos  y  cos  4*  (»iny  -  cosysin^  tan$  )  j 

+  £cosy  sin^  -  V  siny  sin4-  +  V  cosy  cos 

V2  2  1  -• 

+  ~  COS  y(siny  sin^  +  cos  y  cos  4»  tsn<J> )  I  k 

r>  tr 


[3-15] 


Equation  (2-29) , [3-15]  is  used  to  replace  — —  in  the  left-hand  side 

cJ  tr 


of  eq.  (2-13) , [3-2] ;  the  right  hand  side  of  eq.  (2-13)  is  found  from 
u*7,  eq.  (2-17),  [3-6]  from  Wxfux?)  eq.  (2-18),  [3-7]  and  F, 


from  eqs.  (2-19),  [3-8],  (2-21),  [3-10.1]  and  (2-24),  (3-10.2). 


These  substitutions  result  in  three  equations  which  are  then  solved 


for  dV  JJT  and  ±±-  . 

dt  dt-  dt 


dV  1  2 

~  *  —  T—  -  g  siny -f  u  rcos$  (siny  cos  $  -  cosy  sin+  sin4») 
dt  m  l 


[3-16.1] 


Vp-  .  —  F  cosy  -  g  cos  y  +  — —  cos  y  +  2w  V  cos 4  cos  4* 
dt  m  N  *  1  r 


•fur  cos  (cos  y  cos  4  +  siny  sin$  sin  4*) 


[3-16.2] 


.  F  .in  «• 

V±t  ,  -L  _N _ 


dt  m  cos  y 


cos  y  cos  4 1  tan$ 


[3-16.3] 


+  2ui  V(tan y  cos$  sir.4,-sin$}  -  *in$  cos$  cos  4* 


(2-31) 


V-V-V' 


a.V.V; 


*  k 


<K.-f 

\  .*•  ; 


m 


fSMW. 


v.vv; 


vV 
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For  a  non-rotating  planet  and  stationary  atmosphere,  tO  -  0  and 


5: 


K 


I 


r.» 


i 


f 


% 


3 


4. 


eqs.  (2-31),  [3-16]  reduce  to 


dV 

dt 


m  FT  ‘  g  sin  v 


dt 


1  vc 

—  FnCOS<T  -  gCOSy  -f  —  COS  y 


(2-32) 


vdO  = 

dt 


fn  *in<r 


1  ‘  N .  V“ 

m  co s  y  ‘  T  cos  V  cos  4»  tan<|> 


[3-17.1] 

13-17.2] 

[3-17.3] 


For  a  non-thrusting  vehicle,  F^  and  F^  simplify  to  -D  and  L 
respectively  and  eqs.  (2-32),  [3-17]  become: 


dV 


D 


dT  *  *  m  ‘  *  ,in  V 

.  dy  JL  cos  <r 


[3-18.1] 


dt 


-  g  cob  y  + -  cos  y 


(2-34) 


[3-18.2] 


%r  d4*  L  sin  v  V 

vdt  S  "  T“  co*  V  cos  «|»  tan  + 


m  cos  y 


[3-13.3] 


The  formula  for  the  drag  Is  given  by 


and  for  the  lift 


f  m 

a* 


■f- 


u,  y1 


where  is  the  density  of  the  resisting  medium, the  shape  factor, 
*nd  Cp  and  are  the  drag  and  lift  coefficients  respectively,  of 
the  vehicle. 
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In  summary,  the  equations  of  interest  are: 


dr 

dt 

= 

V  sin  y 

d0 

V  COS  \  COS  kji 

dt 

r  cos4> 

d£ 

dt 

s 

V  cos  y  sin 

r 

dV 

pScDvl 

dt 

■  2m  -!«»V 

±L 

dt 

- 

p  scLv2 

2m  co*  '  *  <* 

d4< 

P5CLV2  v2 

dt 

Zmcosy  r 

(13-1) 


[3-19.1] 

[3-19.2] 

[3-19.3] 

[3-19. A] 

[3-19.5] 

[3-19.6] 


Again,  the  reader  is  reminded  that  this  presentation  is  taken 
from  Vinh,  Busemann,  Culp^,  chapter  2  and  13.  For  further  details, 
the  reader  is  referred  to  that  text. 


IV.  An  Alternate  Formulation  for  the  Equations  of  Motion 

g 

In  Mittleman  &  Jezewski  an  analytic  solution  to  the  two-body 
problem  with  a  specified  drag  model  is  obtained.  In  this  section,  a 

9 

more  general  procedure  that  includes  these  results  is  presented  . 

The  general  two-body  problem  may  be  described  by  the  vector 
differential  equation 

ir  w,  v*  +  o ^r+^j  (f  *  -  o 

vhere  "? Is  the  radius  vector  from  the  center  of  mass  of  the 
attracting  body  to  the  particle  and  the  of*  ■  1.2,3)  are  scalar 

•f 

coefficients  dependent  upon  r,  r,  the  characteristics  of  the 
resisting  medium  as  well  as  those  of  the  vehicle.  Dots  (  *  )  denote 
differentiation  with  respect  to  the  independent  variable,  time.  In 


all  that  follows,  we  specifically  exclude  rectilinear  motion,  i.e.  we 
assume  that  r,  r  and  rxr  are  three  non-coplanar  vectors.  Thus,  r,  r 
and  rxr  form  a  basis  for  the  space.  We  introduce  a  ) 

coordinate  system  as  follows. 


Let 


S?  *  -► 

/y  -  JTJL-  1  * 


k 


f-l? 

k-l?  ■ 


[A-2] 


[4-3] 


From  these  definitions  we  conclude  that 

a)  ^ is  a  unit  vector.  This  is  obvious  from  the  definition. 

b)  ^  and  ^  are  orthogonal.  We  show  that  the  inner  (dot) 
product  of  (p  and  ^  is  zero. 

=  f  -o 


Y*  v  Y* 

T~ 


-n  -T> 

Y'  «  T 

par 


M  '  (4) « ^T1-)  * 

Thus,  .  However , 

\f*i\  -  UlhlMP  * hi m i 

d)  £  ,  >  and  J  ■  are  unit  vectors,  forming  a 

right-handed  orthonormal  coordinate  system. 

At  this  point,  we  introduce  a  pseudo- t ime Xm  ^(t) .  In  terms  of  T' 
fft-i  «:  y '(T)f(Z) 

~?(-n  ~(r'f+rf)  'ir 


where  the  prime  (*)  indicates  differentiation  with  respect  to 


We  show  that  for  the  proper  choice  ofT'Ct), 
From  the  definition  of^,  we  find 


1  h 


7,  JC1 Zjl 

1  nm* 


//  * 
_ r_ 

Ml* 


We  choose  "ZT to  be  i)  an  increasing  function  of  t,  to  insure 
that  O  and  ii)  we  choose  X  so  that  lf'1  ■1.  (It  is  not 
important,  at  this  point,  to  know  the  precise  relation  between  and 
t.  That  relationship  will  become  apparent  during  the  solution  of  the 
problem.  In  the  Kepler ian  case,  2*  is  the  true  anomoly;  in  the  case 

g 

discussed  on  Mit^leman  &  Jezewski  ,  it  is  a  central  angle;  in  Vinh, 
Busemann,  Culp7,  it  is  the  parameter  s.(Eq.  (13-6),  pg.  229).  The 
first  two  cases  are  obvious  from  the  development  described  in  the 
references;  the  third  assertion  will  be  proved  in  this  paper. 

We  now  can  determine  r  in  terms  of  X  . 

Uf '+ r'f )r  *<<7%  ( 

Using  these  values  for  r,  r,  and  r,  eq.  [4-1]  becomes 


v,  /V  y*.  g  ($*  f)  =  ^ 


where 


'  -r  *■  * 


J4- 


t 


r  < 't  + 


mas 


•v/ 

vtfy: 


*  -  JL4 
J  * 
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e)  We  prove:  9  0  and  2  ( 

The  dot  product  of  g  ,  and  eq.  [4-5]  yields 

/’/'  +4  ■=  0 

However,  (f'f")  -  (f-f')'-(f'-f')  -  -1 

Therefore,  ^  e  I 

The  dot  product  of  ^and  eq.  [4-5]  yields 

However,  -  J5  (  f '* /')'  .  0 

Therefore,  V,  -  0 

With as  defined  above,  eq.  [4-5]  may  be  written 

f*+  f  +  4  (f*g  'J-  O 

f)  The  vector satisfies  a  linear,  third  order  differential 
equation. 

The  eq.  [4-6]  is  obviously  non-linear.  If  ^-0,  then  5  is 
solution  of  §  +  f  -0  and  clearly  the  assertion  is  true.  If ^ 
0,  then,  dividing  by  and  differentiating,  we  get 

However.  ($*£')'  -  (fVf)  ♦  (fxf")  -  (f.f") 

The  cross  product  of  ^  and  eq.  [4-6]  is 

f*i'  Lf  f'J  *  <? 

From  the  vector  identity  for  the  triple  cross  product 


Therefore, 


re . 


Substituting  '.his  into  eq.  [4-7],  we  have 


which  when  expanded  becomes 


4  <>  i* 

g)  An  observation.  That  the  vector  §  satisfies  a  linear  vector 


third  order  differential  equation  need  not  be  surprising.  Since  the 


constants  of  integration  of  any  linear  differential  equation  enter 


linearly  in  the  solution,  we  should  expect  that 


f  =  A,  f,  £.(t)  + 


where  the  vectors  A^>  A.  V  are  three  constants  and  the  scalar 


functions  f^*  ('&)>/-  *  1,2,3  are  linearly  independent.  Since  the 
vector  constants  A^*  are  linearly  independent,  they  form  a  basis  for 
the  three-space  and  thus  any  vector,  and  in  particular^  ,  is 


expressible  as  a  linear  combination  of  these  constants. 


Conversely,  if"?^,  A^,*"^  arc  an^  linearly  independ¬ 


ent  vectors,  then  the  vector  function 


fm  «  {,(*■>  4^' 


satisfies  a  linear  third  order  differencial  equation,  provided,  of 


course,  that  f.M,  f'\  f*  exist. 

i  «.  j 


V.  The  Meaning  of t  ■  0  and  ^  »  1. 


Recall  the  definition  of 


h - |7**|  « 


and  differentiate  with  respect  to  T • 


-  2.  _ 


=  arr'r  +  rk 


L  r  nr 


Substituting  from  Vj  ■  0,  we  find 


h  +  •<,  « 


‘\*-W 


,v>\ 
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When  *  0  is  combined  with  )^*  1  that  equation  becomes 


If  we  let  and  "jr  -  •  eQ.  [ 5—2 ]  becomes 

—  is-” 

The  value  of  \J ^  in  eq.  [4-6]  or  eq.  [4-8]  is 

f5“4i 

.  JlUJ 

The  quantity  n  is,  of  course,  the  angular  momentum  and 
eq.  [5-1]  indicates  how  h  changes  with  X  and  the  "forces"  as  given 
in  *<t  .  If  eq.  [5-1]  is  integrable,  and  it  is  known  to  be  so  in  the 
case  of  Keplerian  motion  when  0  and  in  the  case  W,  *  where  V. 

is  a  constant,  then  one  Integral  of  the  motion  would  be  known.  When 


this  integral  for  the  angular  momentum  is  substituted  into  eq.  [5-3], 
that  becomes  a  second  order  differential  equation  in  U.  .  if 
the  classical  case  of  an  inverse  square  gravitational  field,  eq.[5-3] 
becomes  linear,  provided,  of  course,  that/)  is  a  function  of  nc  alone . 
It  is  in  this  sense  that  we  say  that  the  system  of  equations  [4-1]  is 
decoupled.  Note  also  that  with  this  decoupling,  the  out-of-plane 
motion  of  the  vehicle  is  now  governed  solely  by  eq.  [4-6]  or 
eq.  [4-8]  with  i/ ^  a*  given  by  [5-4]. 

The  equations  [5-1],  [5-2]  and  [4-7],  with  ^  as  given  in 
[5-4]  constitute  a  system  of  differential  equations  that,  for 
specific  values  of define  the  motion  of  a  particle 
under  the  most  general  conditions.  We  turn  our  attention  now  to 


determining  ^  *^2*  *  3  in  tertt*  °*  the  aerodynamic  and 
gravitational  forces  as  given  in  Section  111. 


VI.  Aerodynamic  Values  for«^ ,  Wy 


We  start  with  the  differential  equation 

^  +■  +•  *ir  of,  (r  x  y’ )  «  o  (6-iJ 

4^9  4»q|  4wi^ 

Working  in  the  i,  j,  k  coordinate  system,  we  recall 
eqs.  (2-14), [3-3],  (2-15) , [3-4 ) ,  and  (2-29) , [3-15] . 


r  =  ri* 

(2-14) 

[6-2] 

V  * 

(V  siny)  i  ♦  (V  cos  y  cos  4» )  j  +  ( V  cos  y  sin  ^  )  IT 

(2-15) 

[6-3] 

*■ 

dt 

r  .  dv„,  dv  v2  2  i  - 

[.mY—  +  Vco.y  -  —  co.  vj  » 

♦ 

r  dV  dy  diL 

cosy  co*4»  —  •  V  siny  cos  4»  — L-  V  co*  y  sin  4<  — f 

L  dt  at  dt 

v2  n 

+  —-  co*y  cos 4* (liny  -  cosysin^  t*n$  )  I 

r 

[6-4] 

♦  | 

|^co*y  *in4>  «  V  siny  sintj;  ^  +  V  cosy  cotiji  ~ 

V*  2  1 

+  cos  y(siny  sin 4<  ♦  cosy  cos  vk  t»n$)J 

k 

(2-29) 

If 

— »>  ^  -o  n 

the  values  of  f  V  I  f  and  -SL.  *  j* 

as  given  by  these 

equations  are  substituted  into  eq.  [6-1],  ve  obtain  the  three  scalar 
'  equations 


4  v*  < 

w, 

(V  &+'}>)  ** 


a*P, 

—  (<•  V  ^  3  [6-5] 


#here 

£-V~» 


V- 


1 

UAtonfzfc  +  Vs»*X  f 

-X1  c+iyc*>S/(&<~r-  o*r  /&** 


T--V 


irr* 
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«  ~  Coo? d¥  +  VfvxiT 

d t  ^  dtr  dt 

\JX  ( 

- -  coo  t  \/U**X'  4vm  'ft  y-  Oo<^  Coo1  ^  cf )  . 


The  second  and  third  of  eqs.  (6-5)  are  equivalent  to 
cos  *f/  (  y/otoX  *, )  -  sin  (  Vr  t#>f  <^)  *  P2 
eiaf(Vc*»r^,  )  *  cos  if/  ( Vf  c* a*'.*,  )  «P3 
which  in  turn  are  easily  solvable  for  (Vwai^)  and  (  V i'  £»"> r W  ) . 

V  «<,  ■»  c*»  ^  ^  a**\ip 

Vrc^r  ^  -  1 ^  c*-*/' 

If  and  4rc  replaced  by  their  values  as  given  above,  we 

find 

1  r 

(Vr  «*>*')  Vj  *•  -Vwor'Ji'  (sr^Y  {  i< 

The  value  for^2  la  found  from  the  first  of  the  eqs.  (6-5). 

t1  ^2.  **  -  Va*"*  I'd,  «.  —  — — *  4Jf  y»  —  [< 

1  1  1  cost  jt  T  r 

If,  in  aquations  (6-6),  (6-7)  and  (6-8),  f  J  t' 

J  \L  ™  3+ 

•nd  ®JT  era  replaced  by  their  values  as  given  in  eqs.  (2-32),  (3-1 

repeated  for  convenience, 

dv  l  _ 

—  .  -  Ft  -  |  ain  y 


y±L  .  ± 

dt  m 


—  F.,  cos  w  -  f  co*y  ♦  —  cos  y 
m  r»  r 


(2-M> 


*1,  I  %  V2 

— *  »  —  " 1  ■ "  ■—  •  ■*—  f '  <  v  cos  v 

dt  m  o§  y  r 
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V'.-’aNv  >*  •  !  -  ^  v* ' 


we  arrive  finally  at 


[6-9.1] 


.  3*  _L  C . 

*-  f  w»r  c»  a 

.  _  sKs*  a~ 

*  i»  Vr  & 

Of  course ,  these  values  for  the  are  predicated  on  a 


[6-9.2] 


16-9.3] 


non-rotating  planet  with  a  stationary  atmosphere  (actually,  ve  assume 
CO  *  0  in  eqs.(2-31),  (3-lb];  for  a  rotating  sphere,  til^^and  ve 
would  use  the  values  of  it/  ,  4JL  and  H  as  given  In 

*  Jt'dt  cJt 

eqs.  (2-31) , [3-16] • 


VII.  Recoggendatlons 

a)  The  first  and  most  obvious  extension  f  the  method 

*  presented  would  be  to  Include  the  case  of  a  rotating  planet  and 
derive  the  equivalent  of  eqs.  (6-9). 

b)  The  third  order  linear  differential  equation  (4-8)  should 
be  Investigated  for  different  if  y  Since  the  vectors  .J  and  J 
that  enter  Into  that  equation  are  unit  orthogonal  vectors  and  since 
the  solution  must  also  satisfy  the  non-linear  eq.  (4-6],  necessary 
conditions  will  be  Imposed  on  the  relationship  among  the  constants  of 
Integration.  It  may  be  possible  to  determine  this  relationship  for 
the  general  case.  All  of  this  effort  would  be  directed  to 
understanding  the  out-of-plane  motion  of  the  vehicle. 


c)  Physical  constraints  (e.g.  aerodynamic  heating)  on  the 
motion  have  been  ignored.  Eventually,  these  should  be  included. 

d)  It  is  possible  to  choose  an<*  3  so  t^iat  t^e 

eqs.  [5-1],  [5-3],  and  [5-4]  are  integrable  in  an  analytic  form 
involving  known  functions.  It  would  be  too  much  to  expect  that  the 
cases  of  interest  for  the  aerodynamicist  would  be  among  these.  It 
may  be  possible  however,  to  bound  the  cases  of  interest  between 
integrable  cases  and  thus  get  some  feeling  for  the  nature  of  the 


solution. 
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Rigid  rod  aromatic-heterocyclic  polymers  such  as  polybenzimidazoles 
have  high  strength  and  high  thermooxidative  stability  and  are  useable  as 
structural  materials  for  aerospace  vehicles.  Thus,  a  literature  search  was 
carried  out  and  methods  of  synthesis  proposed  for  two  model  compounds  and 
three  novel  monomers  which  could  possibly  be  polymerized  to  useful 
polybenzimidazoles.  The  monomers  studied  are  N\N^-diaryl-1,2,4,5-benzene- 
tetramines,  N^N^-diphenyl-l ,2,4,5-benzenetetramine,  and  4-amino-3- 
anilinobenzoic  acid.  Experimental  work  was  then  carried  out  in  the 
laboratory  in  an  attempt  to  synthesize  one  of  the  monomers  (N^N^-diphenyl- 
1,2,4,5-benzenetetramine)  by  adding  ammonia  to  N,N  -diphenyl-p- 
benzoquinonediimine.  The  desired  reaction  did  not  occur  in  six  attempts 
made  under  various  conditions.  Recommendations  for  further  research  in 
this  area  were  then  made. 
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Force  Office  of  Scientific  Research,  and  the  Southeastern  Center  for 
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interesting  and  profitable  weeks  in  the  Materials  Laboratory  at  the  Air 
Force  Wright  Aeronautical  Laboratory,  Wright  Patterson  AFB,  OH.  He  wishes 
to  particularly  thank  the  Polymer  Branch  for  its  hospital ty  and  for  the  use 
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In  addition,  the  author  wishes  to  thank  Dr.  Robert  Evers  for 
suggesting  this  area  of  research  and  for  his  valuable  assistance  in 
carrying  out  this  project. 


I.  INTRODUCTION: 


The  Air  Force  Wright  Aeronautical  Laboratories  and  the  Air  Force 
Office  of  Scientific  Research  are  engaged  in  a  research  and  development 
program  directed  toward  the  synthesis  and  processing  of  ultra-high 
strength,  thermooxidatively  stable  polymers  for  use  as  structural  materials 
in  aerospace  vehicles.  The  objective  is  the  attainment  of  mechanical 
properties  for  a  structural  material  comparable  with  those  currently 
obtained  with  fiber  reinforced  composites,  but  with  significantly  higher 
environmental  resistance  and  without  the  use  of  a  fiber  reinforcement.  The 
materials  chosen  for  this  effort  are  the  rigid  rod  aromatic-heterocyclic 
polymers.  Although  the  physical  and  chemical  properties  of  these  polymers 
show  promise  for  the  achievement  of  the  program  objectives,  these  aromatic- 
heterocyclic  polymers  present  special  processing  and  fabrication  problems 
because  of  the  all-para,  rigid  rod  character  of  the  molecules.  A 
continuing  Materials  Laboratory  in-house  research  program  as  well  as 
related  contractual  programs  in  academic  and  industrial  laboratories  are 
addressing  various  aspects  of  the  processing  science  and  fabrication  of 
these  polymers.  This  research  includes  synthesis  efforts  directed  toward 
the  preparation  of  novel  rigid  rod  aromatic-heterocyclic  polymers  which 
possess  either  improved  processing  characteristics  or  enhanced 
mechanical/physical  properties. 

The  present  project  involves  the  synthesis  of  several  previously 
unreported  novel  monomers  which  are  expected  to  undergo  polycyclo¬ 
condensation  reactions  wfth  selected  aromatic  diacids  to  yield 
rigid  rod  poly  benzimidazole  polymers  which  exhibit  improved  processing 
characteristics  over  known  rigid-rod  polymers. 
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The  primary  objective  of  this  project  was  to  find  efficient  methods  to 
synthesize  several  previously  unknown  monomers  which  could  possibly  be 
polymerized  to  novel  poly  benzimidazoles  with  high  therm  ooxidative 
stabilities  and  application  as  aerospace  structural  materials.  During  the 
first  part  of  the  project  a  thorough  search  of  the  chemical  literature  was 
carried  out  to  identify  methods  which  have  been  used  to  prepare  compounds 
similar  to  the  desired  compounds  and  which  might  serve  as  good  routes  to 
these  compounds.  During  the  second  part  of  the  project  laboratory  work  was 
carried  out  in  an  attempt  to  synthesize  one  or  more  of  the  desired 
compounds. 

III.  LITERATURE  SEARCH: 

A.  Synthesis  of  1-H-benzimidazole-2-carboxylic  acid  (I) 
and  2,2  -bi-IH-benzimidazole  (II). 


These  two  compounds  were  investigated  because  I  is  a  model  for  the 
monomer  and  II  is  a  model  for  the  polymer  produced  in  the  reaction  below: 


i 


Dr.  Jim  Cain  at  this  laboratory  will  investigate  and  report  on  this  system. 
The  best  synthesis  found  for  I  was 
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The  best  synthesis  found  for  II  was21: 
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B.  Synthesis  of  N^N^-diaryl-l  ,2,4,5-benzenetetramines  (III). 

These  compounds  were  investigated  for  use  in  the  reaction  to  prepare 
the  phenylated  poly  benzimidazoles  shown  below: 

“joC f$b$b- 

ZL^-OCJIyOCfy  Jn 

-Aje»fe\rMOx 

The  parent  compound  (2  :  H)  has  been  prepared^: 

yield  rxfc  yield  yield 

The  corresponding  N^N^-dimethyl^-  and  N^N^-di naphthyl^-  compounds 

have  been  prepared  by  very  similar  processes: 

_ ►  V-i,  wL^nmw 


xc 


^  yield  1o%  yield 


(6) 


The  closest  reference  found  to  the  desired  compounds  was:^ 


CAb 

Based  on  these  reactions  it  is  likely  that  III  could  be  prepared  as 
shown  below: 


C.  Synthesis  of  N1 ,1^-di  phenyl-1 ,2,4,5-benzenetetramine  (IV) 


This  compound  was  investigated  for  use  in  the  reaction  to  prepare  the 
phenylated  poly  benzimidazole  shown  below: 


No  references  to  IV  having  been  prepared  were  found  in  the  chemical 
literature.  Methods  which  have  been  used  to  make  related  compounds  and 


which  may  possibly  be  used  for  synthesis  of  IV  are: 


1)  Reaction  of  1 ,4-dihalo-2, 5-dinitrobenzene  (V)  with  aniline 
followed  by  reduction: 

iL  , 

& 


There  are  at  least  two  potential  problems  with  this  approach: 
a)  No  really  good  synthesis  for  V  has  been  reported;  it  has 

been  prepared  by  the  laborious  and  inefficient  separation  (by 
crystallization)  of  the  isomers  formed  by  nitration  of  p-dihalo- 
benzene^*10*11: 


X*-C( ,-Br 


i  toners 


b)  It  may  be  difficult  (or  impossible)  to  replace  both  of  the 


halogen  atoms  in  V  by  reaction  with  aniline.  In  the 
closest  example  found  to  this  reaction,^  the  second  Br 


atom  would  not  react: 


(11) 


(12) 


2)  Reaction  of  N,N  -diphenyl-p-benzoquinonediimine  (VI)  with 


VI  has  been  prepared  by  oxidation  of  N,N'-diphenyl-p-phenylenediimine  (VII) 
which  is  commercially  available1 2»13|14; 


n t  n,  790  %  yie/J 


(14) 


The  closest  example  found  to  the  desired  reaction  is12*11*: 


3)  Reaction  of  p-benzoquinonediiraine  (VIII)  with  aniline 
followed  by  reduction: 


nitrobenzonitrile  (XII)  to  X 


1  ft 

The  best  synthesis  found  for  XI  is 


(21) 


XI  is  readily  converted  to  XII  by  diazotlzation*^: 

ItfKx  . 

AUatJStLjKU 
Br^)  CuCN 
Ox 


yield! 
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(22) 


The  route  from  XII  to  X  with  the  greatest  probability  of  success 
is: 

CChH 


0. 


There  is  a  potential  problem  with  this  route,  however.  No  reports 
were  found  in  the  chemical  literature  of  XII  reacting  with  aniline,  and  XII 
is  reported  to  react  with  some  amines  but  not  with  others  in  the  desired 
.19,20. 
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Reported  reactions  on  similar  compounds  suggest  that  the  other  steps  in 
equations  21  should  go  well1^^: 

CO*H 

JMT  X  <*> 
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NDx. 
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2)  Other  aproaches  to  X  which  involve  either  the  reaction  or  3-halo- 
4-nitrobenzoic  acid  (XIII)  with  aniline  (equation  29)  or  the 
oxidation  of  3-anilino-^-nitro toluene  (XIV)  to  the  corresponding 
benzoic  acid  (equation  30)  are  less  likely  to  succeed: 
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It  has  been  reported21  that  XIII  reacts  with  piperidine  at  less  than 
one  hundredth  the  rate  of  XII,  and  no  reports  of  oxidation  of  an 
anilino toluene  (XV)  to  the  corresponding  anillnobenzoic  acid  could  be 
found  (aquation  31): 
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All  of  the  experimental  work  performed  in  the  laboratory  on  this 
project  was  directed  toward  synthesis  of  N^N^-diphenyl-l  ,2,4,5- 
benzenetetramine  (IV)  by  addition  of  ammonia  to  N,Nf-diphenyl-p- 
benzoquinonediimine  (VI)  followed  by  reduction: 


fY**1*- 

VC 


(13) 


It  was  first  necessary  to  prepare  VI  by  oxidation  of  the  commercially 
available  NjN'-diphenyl-p-phenylenediamine  VII): 

NH  CJk  ft KJh 


k  HUS' 

yXL 


HCJhr 

HZC 


Six  different  preparations  were  carried  out  using  three  different 
oxidizing  agents  (Ag2022,  HgO12,  and  CrO^)  as  reported  in  the  literature. 
Of  the  three  only  CrO^  gave  a  good  yield  (69%)  of  pure  product. 

Although  aniline  added  to  VI  to  produce  the  expected  product12 
(equation  32)  in  a  test  run,  none  of  the  six  attempts  made  to  add  ammonia 
to  VI  under  various  conditions  were  successful.  In  each  case  either 
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unreacted  starting  material  (VI)  was  recovered  r  f-  black  very  inpure 
material  was  produced.  The  results  are  summanzeu  in  Table  I. 


Table  I 
✓ 


r/r 


Results  of  Adding  Ammonia  to  N,N  -Diphenyl-p-benzoquinoneciimine  (VI) 


i«v\. 
v*  ■ 


SQlvent 


Tims  Results 


Acetic  Acid 

None 

o°c 

15  min 

Impure  VI 

Acetic  Acid2 

None 

100°C 

5  min 

Black  oil 

ifcr 

THF 

None 

65°C 

4  hr 

VI 

THF 

p-TSA3 

25°C 

20  1/2  hr 

VI 

THF 

p-TSA3 

150°C4 

6  hr 

Black  solid^ 

• .  .  • 

THF6 

Acetic  Acid 

25°C 

21  hr 

VI 

1.  The  ammonia  was  added  as  28.U  in  NH^OH  in  10-fold 
excess  over  the  theoretically  required  amount. 

2.  The  ammonia  was  added  to  VI  before  it  was  dissolved  in 
acetic  acid. 

3.  p-Toluenesulfonic  acid  monohydrate. 

4.  The  reaction  was  carried  out  in  a  bomb  under  200  psi 
pressure. 

5.  The  unidentified  product  melted  above  250°C  and  gave 
very  broad  peaks  in  the  IR  spectrum. 

6.  The  ammonia  was  added  to  VI  dissolved  in  THF  before  the 
acetic  acid  was  added. 

Finally,  two  attempts  were  made  to  add  ammonia  bonded  to  a  protecting 
group  (benzylamine,  XVI)  to  VI  (equation  33)  with  the 
hope  that  the  protecting  group  could  be  removed  to  give  the 
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desired  product  (IV).  One  reaction  was  carried  out  in  acetic  acid  solvent 
and  the  other  in  chloroform  in  the  presence  of  p-toluenesulfonic  acid. 
Although  time  did  not  allow  an  extensive  work  up  or  analysis,  neither 
reaction  appeared  to  have  produced  the  desired  product. 

v.  mxmmiQm 

Based  upon  the  results  obtained  thus  far,  it  does  not  appear  likely 
that  it  will  be  possible  to  synthesize  N1, N^-di phenyl-1 ,2, 4,5- 
benzene  tetramine  (IV)  by  simple  addition  of  ammonia  to  N,N^-diphenyl-p- 
benzoquinonediimine  (VI)  (Equation  13). 

It  is  recommended  that  the  investigation  of  the  reaction  of  VI  with 
ammonia  bonded  to  a  protecting  group  be  continued.  Various  reaction 
conditions  and  other  protecting  groups  should  be  evaluated. 

If  this  approach  is  not  successful,  it  is  recommended  that  the 
reaction  of  p-benzoquinonediimine  (VIII)  with  aniline  (equation  16)  be 
investigated.  Finally,  if  this  reaction  does  not  work,  the  reaction  of 
1,4-dihalo-2, 5-dinitrobenzene  (V)  with  aniline  (equation  10)  could  be 
investigated. 


mm'. 
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ABSTRACT 


A  plan  of  experiments  is  discussed  for  developing  a  subsonic,  three 
dimensional  wall  correction  code,  based  on  a  method  due  to  Sears,  into  a 
form  which  can  be  efficiently  used  with  solid  wall  wind  tunnels.  The 
Inherent  accuracy  of  the  code  is  addressed  and  ways  are  Identified  for 
reducing  calculational  errors.  The  state-of-the-art  of  transonic, 
three-dimensional,  slotted  wall  boundary  corrections  is  reviewed  and 
recommendations  are  made  for  further  research  in  this  area. 
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I.  INTRODUCTION 


The  wind  tunnel  test  section  interferes  with  the  flow  about  a  model 
by  introducing  perturbations  Into  this  flow  field.  These  perturbations 
can  have  the  effect  of  1)  changing  the  streamline  pattern  (lift  and 
induced  drag);  2)  altering  the  free-stream  dynamic  pressure  (blockage); 

3)  reflecting  shock  waves  in  high  speed  flows,  etc.  Wall  effects  on 
measured  model  forces  and  moments  can  be  significant.  At  low  speeds,  the 
effect  on  angle-of-attack  near  the  stall  can  be  15%  (ref.  1)  and  for 
high  angle-of-attack  (a  >  60°)  effects  from  model  blockage  can  be 
pronounced  (ref.  8).  In  attempting  to  verify  small  improvements  In  the 
efficiency  of  transport  aircraft  at  transonic  speeds,  it  is  found  that 
the  wall  effects  are  of  the  same  order  of  magnitude  as  the  improvements 
being  tested  (ref.  9).  Finally,  the  perturbations  due  to  the  presence 
of  the  walls  forces  the  test  engineer  to  use  smaller  models  which  has 
the  disadvantages  of  limiting  the  wind  tunnel  in  Its  Reynolds  number 
range  as  well  as  requiring  greater  precision  In  the  manufacturing  of  the 
model . 

Traditionally  there  have  been  two  approaches  to  correcting  for 
these  boundary  Interferences  1)  direct  calculation  (for  example 
references  2-4)  and  2)  adjustment  of  the  model  flow  field  (for  example 
references  5-7).  Wall  Interference  has  been  handled  exclusively  by 
method  (1)  above  until  the  advent  of  the  adaptive  wall  concept  in  the 
early  1970's.  This  concept  allows  for  the  elimination  of  wall 
Interference,  within  experimental  error,  but  has  the  disadvantages  of 
requiring  considerable  additional  auxiliary  flow  control  equipment  or 
wall  flexing  attachments. 
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A  method  has  been  demonstrated  (ref.  1)  for  calculating  the  wall 
effect  on  lift  and  induced  drag  for  low  speed,  solid  wall  wind  tunnels 
which  eliminates  the  disadvantages  of  the  adaptive  wall  approach  but 
still  provides  an  improved  correction  over  classical  methods.  This 
improved  method,  which  stems  from  the  adaptive  wall  scheme  of  W.R. 

Sears  (ref.  6),  forms  the  basis  for  this  present  SFRP  project. 

The  Sears  method  (see  ref.  1)  is  based  on  the  fact  that  if  the 
values  of  certain  chosen  flow  parameters  on  a  cylindrical  surface  in  the 
vicinity  of  the  wind  tunnel  model  are  consistent  with  unconfined  flow  to 
Infinity  then  the  flow  field  within  this  surface  can  be  considered  to  be 
unconfined.  The  method  employs  a  computer  program  written  by  the  author 
which  takes  measurements  of  flow  parameters  acquired  during  a  wind 
tunnel  test  and  Iterates  the  values  to  those  consistent  with  unconfined 
flow.  The  wall  correction  to  lift  and  Induced  drag  Is  then  deduced  from 
the  difference  in  quantities  related  to  the  measured  and  unconfined 
values  of  the  flow  parameters.  Additional  research  Is  needed,  during 
the  SFRP,  to:  1)  determine  the  best  number  and  distribution  of 
parameter  measurements  for  practical,  production  testing  and  2)  Improve 
the  accuracy  of  the  method. 

II.  OBJECTIVES 

The  main  objective  for  the  effort  this  summer  was  co  refine  the 
Sears  method  program  to  the  point  where  It  could  be  used,  with  minimum 
user  Interaction,  as  a  production  wall  correction  code  for  low-speed, 
solid  wall  wind  tunnels.  Another  objective  was  also  included  to  explain 
the  difference  in  force  measurements  on  a  model  at  the  same  Reynolds 
number  and  transonic  Mach  number  but  in  different  test  section  inserts. 


The  objectives  were,  then: 

1)  Determine  the  best  location  and  number  of  wall  static  pressure 
measurements  which  will  give  wall  corrections  superior  to  the 
present  state-of-the-art  for  low  speed,  solid  wall  wind 
tunnels.  This  will  include  determining  how  many.  If  any, 
sidewall  pressures  need  to  be  taken.  Because  test  sections 
tend  to  be  comparatively  short  it  is  necessary  to  determine  what 
minimum  length  is  necessary  in  order  to  make  an  accurate  wall 
correction  calculation. 

2)  Investigate  the  accuracy  of  the  subject  method  of  subsonic  wall 
corrections.  The  sources  of  error  in  the  computation  of  the 
boundary  corrections  (exclusive  of  Instrument  errors)  will  be 
Identified  and  ways  of  reducing  the  overall  error  determined. 

3)  At  some  time  in  the  past,  tests  were  performed  on  a  certain 
model  in  the  Transonic  Gasdynamics  Facility  wind  tunnel  at  the 
same  conditions  but  using  two  different  test  section  Inserts. 

The  results  did  not  agree.  It  was  agreed  to  assess  the 
state-of-the-art  in  three  dimensional,  slotted  wall  boundary 
corrections  to  see  if  wall  effects  could  explain  the 
disagreement  in  the  test  data. 

III.  Refinement  of  the  Sears  method 

This  effort  required  the  performance  of  a  series  of  tests  on  a 
generalized  research  model  conducted  In  the  TGF  wind  tunnel.  These 
tests  were  to  be  as  follows: 

TEST  1 

PURPOSE:  Assess  the  effect  of  tunnel  boundary  layer  on  the  wall 
static  pressures  at  locations  "A"  (see  attached  sketch). 


CONFIGURATION:  Subsonic  test  section.  Empty  tunnel. 

TEST  CONDITIONS:  Mach  numbers  .2,  .4,  .6,  .7,  .8  (for  M  >  .6  match 
conditions  with  LRC-16T  tests). 

MEASUREMENTS:  Perturbation  pressure,  p^  -  p^,  at  60  locations  on 
test  section  floor,  60  locations  on  ceiling  and  12 
locations  on  each  sidewall,  (p^  ■  wall  static 
pressure  at  ith  locations).  Record  Reynolds  number 
per  foot. 

TEST  2a 

PURPOSE:  Assess  the  effect  of  proximity  of  crescent  apparatus  on 
model  perturbation  pressures  produced  at  wall  locations. 
Determine  the  necessary  upstream  and  downstream  extent  of 
pressure  measurements  In  order  to  obtain  an  accurate  wall 
correction.  (Here  accurate  means  an  Improvement  over 
standard  methods). 

CONFIGURATION:  Subsonic  test  section.  Full  span  (11  In.)  model  at 
forward  model  position  and  at  tunnel  center-line. 
Roll  angle  -  0°  (wings  horizontal). 

Angle-of-attack  a  *  19°  for  Mach  numbers  M  *  .2, 

.4,  .6,  .7  and  .8. 

TEST  CONDITIONS:  Mach  number  schedule  given  above  (Reynolds 

numbers  and  Mach  numbers  >  .6  on  all  tests  should 
match  LRC-16T  data). 

MEASUREMENTS:  Perturbation  pressures  at  wall  taps  In  Figure  1  and 
at  12  locations  on  each  sidewall. 


TEST  2b 


PURPOSE:  Obtain  equivalent  sidewall  perturbation  pressures  for 

Test  2a.  Assess  the  necessity  for  sidewall  pressures  and 
the  minimum  numbers  and  locations  needed  for  accurate 
wall  correction. 

CONFIGURATION:  Same  as  Test  2a  except  rcdel  is  rolled  90°  (wings 
vertical). 

This  test  Is  otherwise  the  same  as  Test  2a. 

TEST  3a 

PURPOSE:  Hake  flow  parameter  measurements  necessary  for  wall 

correction  computation  for  normal  model  test  position. 
Assess  the  effect  of  proximity  of  crescent  apparatus. 

CONFIGURATION:  Subsonic  test  section.  Full  span  (II  in.)  model  at 
window  center-line  position  and  at  tunnel 
center-line.  Roll  angle  *  0°  (wings  horizontal). 
Angle-of-attack  and  Mach  number  as  follows: 

H  o,  degrees 


.2 

-3,  0,  +3, 

5. 

7,  9,  12,  14,  16,  19 

.4 

0.  5.  19 

.6 

0,  5,  19 

.8 

-3,  0,  +3, 

5. 

7,  9,  12,  14,  16,  19 

TEST  CONDITIONS:  Nach  number  schedule  given  above  (Reynolds  number 
and  Mach  numbers  >  .6,  on  all  tests,  should  match 
LRC-16T  data). 

MEASUREMENTS:  (1)  perturbation  pressures,  pm  -  p^,  at  wall  taps  in 
figure  1;  (2)  Schlleren  photos  of  model  flow  field 
extending  to  test  section  boundaries  for  each  Mach 
number  and  angle-of-attack;  (3)  Perturbation  pressures 
at  sidewall  tap  location. 


7^-8 


TEST  3b 


PURPOSE:  Obtain  equivalent  sidewall  pressures  for  Test  4a. 

CONFIGURATION:  Roll  angle  =  90°  (wings  vertical). 

This  test  is  otherwise  Identical  in  all  respects  with  Test  3a. 

The  first  consideration  to  be  addressed  using  the  test  results  was 
the  minimum  number  of  wall  static  taps  (both  number  across  the  test 
section  and  down  the  test  section)  that  are  needed  in  order  to  still 
compute  a  wall  correction  with  any  accuracy  superior  to  the  conventional 
method  of  images  (e.g.,  ref.  4).  In  order  to  do  this,  perturbation 
pressures  would  be  measured  at  60  locations  on  the  floor  and  ceiling  in 
accordance  with  Figure  1.  The  number  60  was  arrived  at  as  the  largest 
number  that  could  be  handled  practically  by  the  tunnel  pressure  system. 
Since  the  test  section  Is  square,  the  model  can  be  rolled  90°,  as 
explained  in  Test  2b  above,  and  the  pressures  measured  again  to  get 
equivalent  sidewall  values.  By  selectively  deleting  pressure  values  from 
certain  locations  the  effect  of  number  and  distribution  on  the  resultant 
wall  correction  calculation  can  be  determined.  In  this  case  we  can  study 
the  optimum  longitudinal  spacing  of  the  rows  of  tops  and  the  number  (If 
any)  and  locations  of  required  sidewall  perturbation  pressures. 

Perturbation  pressures  were  to  be  measured  far  upstream  to  determine 
their  streamwise  variation  to  see  if  this  variation  could  be  adequately 
represented  by  a  theoretical  calculation  Instead.  In  this  way  we  could 
determine  how  far  upstream  we  need  to  make  the  pressure  measurements. 

Forward  and  normal  model  positions  were  to  be  tested  in  order  to 
determine  the  effect  of  the  angle-of-attack  drive  mechanism  ("crescent") 
on  the  wall  pressures. 


WttZz 
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Tests  were  to  be  conducted  at  higher  Mach  numbers  in  order  to 
determine  the  wall  correction  accuracy  limits  due  to  compressibility 
effects. 

Unfortunately  the  planned  tests  were  not  conducted  during  the  ten  week 
summer  period.  This  was  due  to  delays  occasioned  by  the  preceding 
tunnel  user,  delays  in  obtaining  and  calibrating  the  necessary  low  range 
pressure  tranducers,  and  finally  the  fact  that,  during  calibration,  these 
transducers  were  inadvertently  over  pressured  and  damaged  beyond  repair. 
This  happened  in  the  seventh  week,  leaving  Insufficient  time  for 
replacement. 

In  place  of  the  transducers,  a  U-tube  micromanometer  was  connected  to 
sample  selected  rows  of  perturbation  pressures.  Because  of  the  time 
necessary  to  make  the  measurements,  the  manometer  could  not  replace  the 
transducers  for  the  complete  series  of  tests.  The  only  row  of  pressures 
which  seemed  to  be  good  was  the  floor  center-line  longitudinal  row.  These 
results  are  shown  in  Figure  2.  Because  of  questions  about  the  manometer 
data  the  plot  Is  only  presented  to  show  that  the  floor  center-line 
pressures  are  following  the  expected  trend  and  that  the  values  had  the 
order  of  magnitude  that  was  expected. 


FIGURE  2:  LONGITUDINAL  CENTER-LINE  PERTURBATION  PRESSURES 
ON  THE  LIFT  SIDE  OF  THE  MODEL 


IV.  Accuracy  of  the  Sears  wall  correction  program 


In  order  to  investigate  the  inherent  accuracy  of  the  wall  correction 


method  we  consider  the  computational  sequence.  The  perturbation  pressures 


measured  on  the  tunnel  boundaries  are  smoothed  by  finding  the  best  fit 


least  squares  surface  to  the  data.  The  surface  is  composed  of  a  linear 


combination  of  products  functions  of  the  streamwise  coordinate  alone  and 


functions  of  the  cross-flow  coordinate  alone.  This  surface  is  then 


integrated  from  -»  to  a  given  point  i  to  obtain 

The  perturbation  pressures  (and  therefore  <|>.j)  are  obtained  in  a 
cylindrical  surface  which  is  coincident  with  the  wind  tunnel  test  section 


surface.  This  surface  can  be  thought  to  divide  the  space  into  the  near 


field  and  far  field.  To  compute  the  far  field  flow,  the  surface  is 


subdivided  into  i  dipole  elements,  each  with  a  boundary  value  point  at  its 


centroid.  The  ^  above  can  then  be  used  to  fix  the  outer  flow  using  the 


relation 


Vj  = 


where  is  an  influence  coefficient  matrix.  This  linear  system  can 


then  be  solved  for  the  dipole  strength  \iy  The  consistent  cross-flow 
perturbation  velocity  can  now  be  computed  from 


Bijwj 


Vj  is  then  compared  with  the  measured  value,  vm  (which  in  this  test  is 
zero)  to  get  an  error  signal,  6v^  where 


4v1  *  V1  -  vm 


A  relaxed  value  of  this  error  signal  is  then  used  to  fix  the  near-field 


flow  using 


B'i  j^’j  = 
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When  this  linear  system  is  solved  for  6V.  one  can  calculate  an 

J 

Increment  to 

*  > 


<5) 

The  first  iteration  is  completed  when  are  used  as  an  update  to  <Jk 
in  the  far-field.  A  new  error  signal  (equation  (3))  is  computed,  using 
the  previous  v..  in  place  of  v^.  The  iterations  continue  until  the  error 
signal  becomes  as  small  as  desired.  Reference  10  shows  that  if  a  linear 
system. 


aijxj  =  ci 


(6) 


Is  solved  for  particular  values  of  a^j  abd  c.  which  are  not  the  true 
values  then  the  error  In  the  solution,  fix^,  satisfies  a  similar 
equation,  namely 


au  4xj =  6ci  •  xj4au 


For  our  case  =  0  so  we  get 


which  can  be  rewritten  as 


ausxj 


4xj  =  a*\j4c1 


(7) 


Exact  errors  6Cj  are  not  known  so  It  is  convenient  to  say  that  to  a 

confidence  of  95*  -ei^c^e.  If  we  apply  equation  (7)  to  equation  (1)  and 

use,  for  purposes  of  discussion,  values  from  ref.  1  we  find  that  If  esio* 

then  fix,.  #4*  from  equation  (7).  This  assures  that  there  is  negligible 
j 

error  In  the  determination  of  This  Is  probably  not  quite  true 

because  the  conditioning  of  the  matrix  A^j  Is  not  determined  by  the  IMSL 
subroutine  used  to  Invert  it.  It  Is  planned  to  employ  instead  a 
subroutine  from  the  UNPACK  library  which  does  provide  a  conditioning 
figure  of  merit. 


An  error  bound  of  eslO%,  above,  is  rather  conservative  and  can  be 


estimated  closer  from  its  contributing  components.  The  integral  for  <j>. 
is  divided  into  two  integrals;  one  integrates  the  perturbation  pressures 
due  to  a  singularly  representation  cf  the  model  from  -«  to  the  upstream  - 
most  row  of  measurements,  and  the  second  integrates  the  least  squares 
surface  fit  from  this  location  to  the  point  i.  Errors  in  4k  are 
therefore  due  to  the  adequacy  of  the  singularity  representation  of  the 
model  and  to  the  goodness  of  fit  of  the  data  smoothing  operation.  The 
goodness  of  fit  is  primarily  dependent  upon  the  choices  for  the  functions 
of  x  and  functions  of  y  that  go  to  make  up  the  smoothed  surface  (ref.  1). 

The  next  step  in  the  iteration  is  to  determine  v^  from  equation 
(2).  Using  the  well  known  expression  from  error  analysis,  we  can  say  that 


w  is  the  error  bound  on  v.  to,  say,  95%  confidence,  so  that 
V1  1 


(Vtrue  =  vi  ±wv 


1 


(8) 


to  95%  confidence  (ref.  11).  From  equation  (2)  and  ref.  11,  we  can  write 

M%-  <BnMWl>2  +  <Bi2wv  >2  +***+  <Bidwp  >2  {9) 

J 


since,  In  our  case,  We  c  0.  The  uncertainly  In  v.  can  thus  be  estimated 

i  j  1 

from  the  matrix  and  the  uncertainty,  or  error,  In  the  y's  above. 

The  error  in  determining  6yj  from  equation  (4)  can  now  be  estimated 
In  a  way  similar  to  that  of  y^  and  likewise  the  uncertainty  in  6^  In 
equation  (5)  follows  the  procedure  used  for  v^. 

It  Is  therefore  seen  that  In  the  process  of  Iterating  to  convergence 
the  Initial  error  In  is  compounded  at  each  Iteration.  Since 
convergence  to  unconfined  flow  may  take  *  45  iterations  the  final  error 
could  be  significant.  To  eliminate  this  source  of  error  In  the  wall 
correction  calculation  a  one-step  convergence  procedure  due  to  ref.  12 
will  be  Incorporated.  This  will  also  have  the  effect  of  halving  the 
computational  time. 
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V.  CONVENTIONAL  WALL  CORRECTIONS  FOR  THREE-DIMENSIONAL,  TRANSONIC  WIND 
TUNNELS 

The  task  of  determining  if  wall  corrections  could  explain  the 
disagreement  of  data  between  the  subsonic  and  transonic  test  sections  at 
the  same  Mach  number  depended  to  some  extent  on  tests  that  were  to  be 
conducted  following  those  of  section  III  above-  In  investigating  the 
effect  of  the  walls,  compressibility  should  be  taken  into  account. 

A  search  of  the  literature  and  other  sources  revealed  that  presently  there 
is  no  suitable  method  for  calculating  boundary  corrections  for  slotted, 
transonic  wind  tunnel.  Methods  exist,  such  as  ref.  13,  which  calculates 
wall  interference  from  flow  field  measurements  but  require  the  computation 
of  the  flowfield  within  the  test  section  using  either  small  disturbance  or 
full  potential  equations.  Such  flowfield  computation  codes  are  available 
and  could  be  adapted  to  this  purpose.  Specifically,  the  Sears  method 
discussed  above  could  very  easily  be  used  at  transonic  (compressible) 
speeds  if  the  subsonic  flow  field  computation  subroutine  were  replaced 
with  one  that  computed  compressible  flow  fields.  This  would  be  the  only 
significant  change.  Possible  compressible  codes  are  treated  in  references 
14-16. 

VI.  RECOMMENDATIONS 

The  Sears  method  program  for  computing  subsonic  wall  corrections  has 
the  potential  of  providing  accurate  corrections  to  lift  and  Induced  drag, 
and  the  author  believes  it  can  be  extended  to  Include  blockage  and 
pitching  moment  without  much  difficulty.  The  numerical  errors  will  be 
substantially  diminished  by  the  incorporation  of  the  one-step  convergence 
as  mentioned  previously.  It  Is  recommended  that  wind  tunnel  tests  be 
performed  to  develop  the  proogram  Into  a  production  code  which  will 
improve  the  accuracy  of  the  data  taken  at  the  TGF. 


Because  wall  interference  can  be  significant  at  transonic  speeds  and 
since  the  principles  of  the  Sears  method  program  applies  to  this  regime  as 
well,  it  is  recommended  that  the  program  be  adapted  to  transonic  testing 
by  the  inclusion  of  a  compressible  flow  field  computation  module.  The 
resulting  transonic  program  should  then  be  demonstrated  on  actual  wind 
tunnel  tests  using  suitable  flow  parameter  measuring  instruments. 


*#y: 


•  *  * 
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COMBINED  TIME  SPACE  FILTERING 


10K  hF  ANTENNA  ARRAT  SYSTEM 3 

-y 

Randolph  L.  Meson 

ABSTRACT 

This  report  investigates  methca*  I or  combiueu  time-space 
adaptive  filtering  of  HF  receiver  antenna  array  data,  inese 
two-dimensional  filters  attenuate  interference  auu  noise  components 
in  the  received  data  to  facilitate  affective  channel  equalization 
processing.  The  filtering  algorithms  are  deriv«u  by  first  model¬ 
ing  the  received  data  array  as  &  tuo-wiaeusiooel  ARhA  proceaa. 
Algorithms  for  estimating  the  AR  coefficients  in  this  uouel  are  tneu 
developed.  These  AR  coefficients  are  used  is  the  weignts  oi  tue 
tuo-dlmenslonel  filter.  In  addition,  compute tioually  eiticieut 
recursive  algorithms  thst  combine  the  AR  coefficient  estimation 
and  data  filtering  operations  are  derived.  Suggestions  lot 
performance  evaluation  of  these  filters  and  recommeuoations  for 
future  research  in  this  area  arc  also  presentee. 
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INTRODUCTION 


I  . 

In  ths  past  several  years  there  has  been  a  marked  increase 
in  communicu tion  systems  that  operate  in  the  lit  iange  \3-30hHz). 
This  increase  has  been  spawned  by  advances  in  the  unuer b tauding 
of  the  HF  communication  channel  and  L>  the  devdbpwvui  01  elec¬ 
tive  channel  equalization  processors.  Data  rates  01  as  nigh  as 
9600  blts/sec  have  been  achieved  in  systems  incorporating  tuese 
channel  equalizer s .[ 1 j  Adaptive  receiver  antenna  arrays  are 
alfo  being  used  to  provide  improved  performance  in  spatially 
disturbed  environments. 

By  combining  spread  spectrum  techniques  with  auaptivu 
receiver  antenna  arrays,  HF  communication  system*  are  poteutiaily 
able  to  provide  reliable  communication  links  even  in  electro- 
magneticslly  unfriendly  environments.  However,  the  performance 
of  channel  equalizers  necessary  in  such  systems  is  very  seusitive 
to  interference  slgralc.  Effective  operation  lu  this  type  ox 
environment  ie  contingent  upon  effective  tlguel  prefilters  cnat 
•ttenuete  these  Interference  signals  before  chauutl  equalization. 
Because  knowledge  of  frequency  content  anu  source  location  oi 
many  interference  signals  ere  not  known  epriorl  ado  may  vary  with 
time,  these  prefilters  must  be  adaptive. 

The  most  common  adaptive  filtering  technique  applied  to 
this  problem  consists  of  cascading  spatial  nulling  algorithms 
with  temporal  spectral  whitening  filters.  (2j  Uo»ever,  it 
appears  possible  to  realize  e  further  improvement  in  interference 
rejection  by  combining  the  spatial  and  temporal  filtering  tasks 
into  a  single  mult ldlmtnsial  process.  Float  [3^  developed  one 
such  technique  that  assumes  the  desired  signal  direction  ia 
known  (an  often  Impractical  assumption).  Mcuastiuo,  et.al.t4i 


models  that  facilitate  effective  auu  eilicieut 
filtering  techniques. 

2)  To  develop  both  block  processing  au^  recursive 
filtering  algorithms  that  are  based  on  tnese 
models  . 

3)  To  outline  procedures  for  per f oimance  evaluation 
of  these  algorithms  and  to  identify  important 
areas  for  future  research. 

1 1 I .  DATA  AND  FILTER  MODELS 

In  order  to  propose  models  for  the  data  and  preiilter,  it 
is  necessary  to  first  understand  the  basic  receiver  configuration. 
The  basic  antenna  array  receiver  is  shown  in  Figure  1 .  After 
amplification)  the  M  received  analog  signals  are  shifted  from  the 
carrier  frequency  to  baseband  and  lowpass  filtered,  then  sampled. 
The  result  after  N  samples  is  a  complex-valued  discrete  time  data 
array  {x(m,n)}  for  lim^M  and  1-niN.  This  data  is  then 
passsed  through  the  two-dimensional  preiilter  to  attenuate  the 
noise  and  interference.  The  M  filter  outputs  ate  combined  as  a 
weighted  sum,  and  this  sum  is  sent  to  the  channel  equalizer  ana 
receiver  decoding  processors. 

The  received  signal  at  each  antenna  consists  of  a  uesired 
signal  s(t)  Incident  on  the  array  at  some  augle  Sf  ,  along  with 
any  of  several  Interference  sigu&ls  L^(t),  each  incident  at  some 
angle  (see  Figure  1).  The  incident  angles  are  assumed  unknowu. 

In  addition  there  Is  additive  lachgrouuu  noise  uvt).  Because  oi 
possible  signal  and  interference  source  movemeui,  auu  because  or  hi 
channel  disturbances,  the  amplitudes  anu  incident  angles  or  tnese 
signal  components  may  vary  with  time  at  a  rate  that  is  assumed  to 


ay  Receiver 


V  «* 


be  slow  ccu^arec  to  the  data  sampling  rate.  lliett  signal  cuk^uLems 
are  all  present  in  the  discrete  cuta  array  uuasctewca ts  ix^in,n;j; 
in  addition  there  is  a  noise  component  v^,u)  eat  to  receiver  noise, 


round-off,  etc.  Thus,  we  may  write 

XCrv^r^-  S -v  vJlrw,^  +  [\(Av,^ 


(i) 


Bve  to  the  dispersive  nature  of  the  hF  channel,  signals 
arriving  from  point  sources  are  spread  slightly  over  a  small 
spatial  frequency  range.  We  shall  assume  that  this  spreading 
function  can  be  modeled  by  an  ARMA  function*  An  A  An  A  uiouer 
is  robust  since  as  the  spread  with  approaches  aero,  the 
spreading  function  becomes  a  limiting  ARMA  (1,1)  function. 

The  de8ireu  signal  s(man)  is  a  spread  spectrum  siguai,  aua 
is  well  modeled  as  white  noise  in  the  temporal  irequeuey  uoutain. 
(7j  If  we  assume  an  ARMA  spatial  spreading  function,  tueu  a  two 
dimensional  (2-D)  ARMA  model  results.  Similarly,  each  inter¬ 
ference  signal  is  often  modeled  as  a  complex  exponential  or 
as  an  ARMA  process  in  the  temporal  domain  [7/.  Since  a  complex 
exponential  can  be  modeled  as  the  limit  oi  an  ARMA  (1,1)  process, 
by  again  assuming  an  ARMA  spatial  spreading  function  a  2  —  11  ARhA 
model  is  obtained  for  each  interference  signal  as  well.  Tne 
noise  processes  can  also  be  modeled  as  2-D  ARMA  processes  b j  . 
Thus  we  have  modeled  x(m,n)  as  the  sum  of  independent  ARhA 
processes,  which  i6  itself  an  ARMaC^i  ,  ,  pi ,  process,  wnere 

P|  and  q,  are  the  AR  and  MA  orders  in  the  spatial  frequency 
direction,  and  p^  anu  q^  are  the  AR  &nu  UA  orders  iu  tue  temporal 
frequency  direction.  The  corresponding  powei  spectral  density 
function  is  given  by 

-  (  \  .  |  &(i.  .'*>')  1 1 


(2) 
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where  B(z,  jZ^)  is  o  polynomial  of  decree  ^  in  2 1  ana  q^  in  z^,  giui 
A(Zj  ,  z^)  is  a  poly  noraial  of  decree  pj  in  a  {  anu  in  z^. 

It  is  apparent  that  interference  i>ifenalt»  and  some  noise  appear 
as  areas  of  high  power  density  in  the  2-D  frequency  plane.  An 
appropriate  interference  rejection  filter,  tliea,  is  one  mat  spec^ 
trally  whitens  the  data,  as  this  flattens  suc’u  peaks.  it  tne  signal 
power  is  below  the  background  noise  power  level  (which  is  often  the 
case  in  practice),  a  whitening  filter  has  little  effect  on  tne 
desired  signal,  so  SIR  anc  SNR  gains  are  realizes  at  the  filter 
output.  If  the  signal  power  is  subs tantialiy  above  tne  noise  power 
level,  a  whitening  filter  attempts  to  attenuate  the  signal  along 
with  the  interference.  This  effect  is  unavoidable  wnen  the  signal 
incident  angle  is  unknown ,  'is  the  whitening  filter  cannot  distin¬ 
guish  between  signal  ?nd  interference.  however,  even  ru  this  case 
SIR  and  SNR  gains  to  ay  be  realized  at  the  filter  output. 

The  optimum  whitening  filter  for  {x(iu,n)j  has  transxer 
function  from  each  input  tc  each  output  of  the  foil* 


U(ei“.  ,1-.)  . 

m  '  Of.'lW.  „\V»^ 


'  ECe'r.e^ 

where  A  and  B  are  given  in  equation  (2).  Since  h  contains  a 
denominator  term,  it  is  an  infinite  impulse  respone  Ulk)  filter. 

IIR  filters  are  undesirable  because  tht;  pose  a  stability  problem, 
(especially  when  the  filters  are  time  varying,  as  is  the  case  here), 
because  the  E  coefficients  are  often  diificuit  to  estimate 
accurately  without  a  large  amount  of  data  (topeciaily  wnen  there 
are  sharp  nulls  in  the  spectrum;.  because  01  tuese  problems  and 
because  spectral  nulls  arc  net  termeu  o>  interference  signals, 
there  seems  to  be  no  practical  reason  to  inuox poi ate  the  coefficients 


rty 
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into  the  filter.  A  practic-il  alternative  ill  Let  is 

H(eiW|,  e^1') -  f\UiWiJei“^  (4) 

v.  here  A.  i  s  obtained  by  either: 

1.  Modeling  the  data  with  the  ARM  A  mouel  in  equation  1 1)  ana 
using  bill}  the  estimate*.  AR  coeiiicienls  in 

2.  Mending  the  ciata  with  or:  *Ut  kouel  ana  using  me 
estimated  AR  coefficients  in  (.4). 

The  uain  advantage  of  the  first,  alternative  is  that  sharp  speetial 
peaks  present  in  the  data  (say,  from  narrowband  jammer a)  are  more 
effectively  nulled;  the  main  advantage  of  the  second  alternative 
is  that  some  of  the  MA  filtering  is  performance  because  tne  entire 
spectrum  is  approximated  by  the.  AR  model.  Thus,  the  two  inter 
models  represent  a  tradeoff  between  effectiveness  m  eliminating 
narrowband  interference  and  effectiveness  o L  spectrally  vniteni^g 
the  data. 


IV.  TWO-DIMENSIONAL  ARMA  ALGORITHMS 


In  this  section  we  propose  one  class  oi  AR  cuemcient 
estimation  algorithms  derived  by  considering  Lhe  ouservea  aata 
as  a  sample  from  a  two-dimensional  stationary  AtthA  process. 

The  derivation  makes  use  cf  the  fact  that  the  nutauna  array 
elements  are  colllnear  and  equally  spaced,  which  results  in 
in  efficient-  use  of  the  data  in  generating  aut ccur relation 
estimates. 

Consider  fhe  2-D  seui-casual  ARliA  recursion 

Pa  P*  U  ^ 


<kj'  xCm-i.,^0  -  ,  2l  X  ,a«r‘  (5) 

c**p»  "V  i’ 0 

If  we  follow  the  earlier  suggestion  or  using  ouiy  A  a  coei iicienta 


in  the  filtering  operation,  the  ccr responding  ^teiilier  outputs 


are  given  by  ^ 

eU,f\V  ,  ,4^4fA  <« 

<.=-ft  v 

It  can  be  seen  from  (6)  that  p(  and  must  be  chosen  so  that 
U  <-  wv  for  "pi-  -  fx  •  I n  general  this  may  require  a 

different  choice  of  p^  and  p^  for  each  of  the  M  filter  outputs. 
Thus,  a  different  set  of  AR  coefficients  is  in  general  necessary 
for  each  of  the  M  outputs. 

An  effective  AR  coefficient  estimation  procedure  cau  be 
derived  by  appealing  to  the  well-knowu  Yule  Walker  equations, 
which  are  found  by  multiplying  both  sides  of  equation  (5)  by 
x*(m-k,n-l)  and  then  taking  the  expected  value  to 

give 

tx  Pi  A 

r*  1  ^  aM  ^  w  (7) 

r*\ 

By  replacing  exact  autocorrelations  in  (7)  with  ones  estimated 
from  the  given  data,  we  can  form  a  matrix  of  approximate  Yule 
Walker  equations  whose  solution  yields  AR  coefficient  estimates. 
To  this  end,  define  the  matrix  equation 


where  each  row  is  an  estimate  of  equation  (7)  for  a  particular 
choice  of  the  pair  (k,l),  R  and  £  are  a  matrix  and  a  vector  of 
autocorrelation  estimated,  and  i  is  a  vector  of  (uukuown)  AR 
coefficient  estimates.  Because  autocorrelation  estimates  are 
used  In  equation  (8),  the  right  hand  side  is  not  in  geueial  equal 
to  sero. 

The  solution  to  equation  (8)  represents  the  preillter 
coefficient  determination  algorithum.  If  the  number  of  rows  in 
(8)  is  equal  to  the  number  of  AR  coefficients  then  £  can  be  made 
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equal  to  zero  and 


r  i  a 

ol«  -rV 


However,  choosing  a  greater  than  minimal  uuaif.er  oi  rows  xii  ( b; 
generally  results  in  i  ra  p  r  o  v c* <'■  AR  cocliiciunt  estimates  in 

this  case  the  AR  coefficient  estimate  is  U.e  least  squared  cirut 
solut i on 

The  c'a^er  symbol  (t)  denotes  complex-conjugate  transposition. 

It  can  be  seen  from  equations  (9)  anu  (10)  that  ^eneruily  improved 
AR  coefficient  estimates  are  obtained  at  a  cost  oi  increase  compu¬ 
tational  burden. 

There  are  several  standard  autocorrelation  estimators  tuat  may 
A-  fk 

be  used  in  ^eneratln^  R  and  r.  One  choice  is  Ut  pnbiaseu 


estimator 


where 


r^MV-  4-  4 

.  *** 

,  k<o 

.1*0 

J  I  U\  0+1  _  .  uo 


J  Uw>i . 

It  1 8  Important  to  note  that  r^k'l)  is  forme u  not  omy  by 
summing  over  time  la but  also  by  summing  over  spaliai  lafc*. 

This  Is  a  consequence  of  assuming  collinesr,  equally  apace 
antennas.  We  shall  see  that  this  procedure  uses  the  uala  more 
efficiently  then  do  procedures  developed  in  the  next  section. 

The  valuec  of  k  and  1  In  each  row  of  equation  \bj  should 
generally  be  chosen  small  to  naxltiiie  the  number  ul  u«u  la^s 
bei»t  surmed  to  form  autocorrelation  estimate**  (see  tlijj. 

Equally  important,  however,  is  that  by  jucicious  selection  oi  tne 


(k,  1)  pairs,  and  by  properly  ordering  the  rows  of  ^£), 

a 

Toeplitz  structures  in  the  matrix  R  can  be  obtained. 

This  can  significantly  reduce  the  computational  burden  of 
inverting  R  or  R*  R  [11,12]  . 

Up  to  now  we  have  assumed  that  the  data  array  {x(m,n)j  is 
stationary.  In  fact,  channel  fading  and  movement  of  the  traus- 
mitter  and  interference  source  locations  produce  temporal  non- 
st ationarities  in  the  data.  One  way  of  adaptlug  lu  the  non- 
sea tionar i tie 8  is  to  use  only  the  last ^  data  samples  from  each 
antenna  when  calculating  the  AR  coefficient  estimates.  This 
method  actually  treats  the  data  as  being  stationary  over  the  last 
S  samples;  thus,  the  selection  of  is  predicated  on  how  rapioly 
the  data  statistics  vary.  A  second  method  is  to  incorporate  an 
exponential  forgetting  factor  Vv 

0  I  n 

in  the  autocorrelation  estimates,  wherein  data  lags  K 
samples  in  the  past  are  weighted  by  V  ,  for  some  (I3j. 

In  this  way,  autocorrelation  estimates  (and  therefore  AR  coeificltnt 
estimates)  are  primarily  generated  from  recent  data.  The  forgetting 
factor  method  la  attractive  because  it  is  easily  implements  a  in 
recursive  algorithms. 

It  can  be  seen  that  the  AR  coefficient  estimators  (9)  ana  flGj 
presented  in  this  section  not  only  provide  flexibility  in  mouel 
order  selection,  but  also  make  efficient  use  of  the  given  data  lu 
generating  autocorrelation  estimates.  However,  in  oruer  to  obtain 
the  "optimal"  AR  coefficients  at  each  time  n,  one  must  perform 
a  matrix  Inversion  every  time  a  new  data  point  arrives  (l.e.,  at 
each  sample  Interval).  Even  though  efficient  matrix  inversion 

A 

procedures  are  available  due  to  the  special  structure  of  R,  the 
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computational  requirements  of  this  procedure  cau  be  very  high. 

Or*e  way  to  decrease  this  computational  burden  is  to  update  the 
AR  coefficients  at  every  N  sample  intervals,  ana  use  these 
coefficients1 in  the  prefilter  until  the  next  upuater  however, 
a  more  attractive  alternative  is  to  develop  recursive  versions 
of  the  algorithms.  Such  recursive  versions  determine  optimal  AR 
coefficients  at  every  sample  interval  by  updating  the  previous 
estimates  rather  than  by  solving  for  them  from  scratch  every  time* 
Unfortunately,  no  such  recursive  algorithm  is  available  igi  cue 
general  algorithm.  In  the  next  section,  though,  we  present  a 
subclass  of  this  algorithm  for  which  computationally  efficient 
recursive  Implementations  are  available. 

V .  MULTI DIM EK SION AL  RECURSIVE  ALGORITHM S 

In  this  section  we  consider  a  class  of  Ak  coefficient 
estimation  algorithms  that  facilitate  efficient  recursive  imple¬ 
mentations,  These  methods  treat  the  data  array  as  an  hxl  vector 
ARMA  process.  Both  block  processing  sue  recursive  algorithms 
are  presented  for  the  "prewindow  method".  They  are  straight¬ 
forward  extensions  to  the  mult idimenuional  case  or  algorithms 
presented  in  [9j  ,  [lOj,  {.  14 j  •  The  mu lti dimensional  case  tor 
real  cats  is  also  found  in  [  1 3 j  •  The  reaver  is  referred  to 
these  papers  for  details  of  the  derivations  presented  os  low. 

In  order  to  develop  these  multidimensional  ins t rumen  tai 
variable  algorithms,  consider  the  data  array  {x(m,  u)\  a*  a  set 
of  N  mxl  vectors  \&(n)\  where 

The  corresponding  ARMA  recursion  la  given  by 


(12) 


(13) 


4  ft;  iU-O  “  X.  k 

iM  W  ^  0 

where  is  an  Mxl  vector  white  noise  process. 

Each  row  of  (13)  is  seen  to  be  a  special  case  of  ^5),  wuere 

Pi4Pa'^''  >  V1'**0  ,  (VP  •  %V  V  'Hj*0  W  y*0 

Implicitly,  then,  (13)  assumes  an  AR(M-l)  model  in  Lne  spatial 
direction. 

The  block  processing  algorithms  are  developed  by  first 
writing  the  prefiltering  operation  for  every  time  up  to  N  as 

M  fo  0  IK]  Kv,v 

tXt u\\  XV^  '  / 

•  •  *  •  • 

viM^J  x'Oi-xV"  x'(<^  [o'M 

X„  4  3  ^ 

Here,  £(n)  is  the  prefilter  output  at  time  N,  and  N,r 
is  the  (as  yet  unknown)  matrix  cf  AR  coefficient  estimates. 
Also,  define 


[*'(^-0 

whereof.  Premultiplying  (14)  by  ^  yields 

^,tin  4  -*  ( 

which  is  an  approximation  to  the  Yule  Walker  equation*,  auo 
similar  to  equation  (8).  Since  the  right  hand  sloe  oi  (16) 
has  expected  value  of  aero,  an  approorlat*  choice  for  the  AR 


coefficient  matrix  is 


•V  -W.r 


73-15 


(18) 


when  t*p  and  the  least  squared  error  solution 

hit* 

when  t>p.  Equations  (17)  anti  (lb,  art  oiucn  processing  Ak  coefficient 
estimation  algorithms,  and  are  particular  versions  oi  anu  tiU). 

The  desired  data  prefiltering  operation  is  periormeu  alter  solving 
for  A ||^  by  employing  the  lest  row  oi  equation  (14)  to  ifna 

As  mentioned  earlier,  it  is  desircc  to  find  computationally 
efficient  recursive  algorithms  that  filter  the  uata  "optimally'’ 
at  every  time  Interval.  These  take  the  form  oi  "last  recursive" 
algorithms.  They  arc  actually  odpative  filtering  algorithms 
that  calculate  the  pref liter  output  £,(K)  directly.  Xney  are 
fast  in  the  sense  that  they  require  only  OlM*  computations  to 
implicitly  determine  from  aati  to  taiculate  tne 

"optimal"  filter  output  e ( N) .  Two  algorithms  are  pregcutoa; 
the  first  generates  g,(N)  using  the  exact  solution  to  *f*,p 
from  (17),  and  the  second  generates  e(N)  using  an  approximation 
to  ft  f*}f  in  ( 18) . 

When  t«p,  the  exact  recursive  filter  la  round  by 

extending  the  algorithm  in  (lOj  to  the  multiuimensi onal  case. 

The  resultant  lattice  algorithm  it  presented  uelov.  Here  "n" 

/<  r  51  .  <  , 

1»  the  (diecrete)  tine,  T*((V  ,  ,  b  t-tj.  b  «r« 

vectors,  a  scaler,  (T*,*  ,  /*■*,*.  u>*  K  arc  Kxt; 

matrices,  \i*  the  exponential  forgetting  factor,  and  x(n)»x(n-q). 


1)  Initial  conditions:  q**  -0  for  m-0,1, . . . ,p-l 

2)  Set  n*q^l 
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3>  f5.n-bM^fB) 

f0.n*b0.n^(n) 

/*D,n“VD,n-l  +  *  fn)  i’(n) 

•"O.n'V-o.n-l  +  Z (n)  £’ (n) 

4)  For  m«0  to  min(p-l,n-q-l) : 

*a+l,n  "  *a,n  "  ®*,n^  *  bm,n-l 

*a+l,n  *  *a,n  ’  ^a,n^  ^wm,n-l^  ba,n-l 

ba+l,n  "  ba,n-l  "  ^a,n^'  tyV,n^'  *11,11 

ba+l,n  "  ba,n-l  “  ^a,n^  ^fa,n^  *a,n 

^a+l,n  "  JAb, n  ’  ^a,n^  ^aa,n-l^  ^Ia,n^ 
wa*l,n  *  wa,n-l  "  ^a,rP  ^a,n^ 

Vn  ->Vn-l  *  <n>' 

T.,„  "^B.n-1  *  </  ^'Vn5'1  ^ 

"^»,n  *  ^V,n-1^  ^*11,11- 

5)  Set  n»n*l  and  go  to  3. 

r* 

For  this  algorithm  it  the  llltvi  output  ivu)< 


For  ifc* p 


1>  the  optimax  output  vi  th«  pieilllei 


«•  if  an  ARMA  (a,q)  model  was  usao  in  (13).  TUreivic,  utia 
algorithm  automatically  provides  the  optimal  filter  output  tor 
*11  filters  of  lower  AR  order  #s  well.  This  proy«rt>  cau  he 
useful  if  a  wood  model  order  is  not  knowu  i^iivri. 

The  second  tout  recursive  olworithm  aooreaa«»  1  i:s  l>p 
solution  for  p  .  There  is  no  currently  avallaula  last 
recursive  algorithm  to  f<~'4  tU  «a«cc  optimal  tiller  output 
ucinw  Ap  p  in  (18).  However,  h>  weneratic*  cu  app luxlaatiou  ol 
(18)  a  fast  recursive  tlfcoritiiti  can  be  rtcllzwu.  l>«  c«u  iipm 
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(18)  as 


where  #  If  we 

by  a  matrix  ^  where 


U  p  p  1‘1'aJ  tua  L 


>*,P 


(19) 


(20) 


then  the  above  fast  recursive  algorithm  with 
can  be  "tied.  One  effective  procecure  for  obi.cinii.fc  %,  vu)  was 
prop o«ed  in  ( 14 j  for  the  one -dimensional  cate .  The  uul Li uiaeu- 
tional  extension  1$ 


\iA  **  O  l"\  ^ 


(21) 


The  recursive  procedure  for  computing  *£(n )  follows  u>  wminfc 

zV')  **  (22) 

wh«r«  bn  "(x'(n-<j-l)  x'(n-q-2)  .  .  .  x'(n-q-t))  Th«  u^uxl*  tor 
follows  by  utilizing  the  updates 

^  4  fc  (23) 

UV»V  '■  t*.,  tt„  *  VU-vrt  “  X^‘V^X  ^ '1*^ 

Wo  have  thus  presented  two  block  processlbfc  au c  two  r«euisiv* 


fllterlnfc  ulfcorlthas.  They  fore  s  sutclsss  ot  tue  2-b  ARK*  ai»or- 
lthas  presentee  in  the  preceeoinfc  section.  It  is  important  to 
note  that  it  has  never  been  assuuou  in  those  alfcort thwe  tuat  too 


antennas  In  the  array  art  equally  spncoc  jau  coillnear,  *o 
Chess  elfcorlthus  can  be  used  with  no  taodif lestlou  ou  oata 
obtained  from  more  tenoral  array  fcfc  ot.*?  1 r  ic  s  .  On  t  *««•  w  l  ii«  i  ii  a  it  o  | 
careful  study  of  equations  (17)  or  (18)  reveal  that  the 
implicit  autocorrelation  cstisates  oo  not  suw  lass  in  the 
spatial  direction,  so  for  colltucar,  equally  o^acac 
arra>s  the  data  are  not  used  in  the  soot  tiiiciti.i  wauiier. 
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VI 


RECOMMENDATIONS 


We  have  presented  several  algorithms  lot  coLbiueu  time-space 
prefiltering  of  antenna  array  data.  Before  tnuae  ai*,ori t no, a  can 
be  incorporated  in  a  cotnraunica tion  sy&Lea,  however,  uuy  Hu*etiuue 
remain  unanswered.  First,  the  performance  of  theee  pieiilteriug 
algorithms  must  be  evaluated.  Since  the  purpose  oi  tut  preriitcr 
is  to  improve  the  HF  receiver  performance,  probably  oe  beat  measure 
of  prefilter  performance  is  the  receiver  oil  error  late.  A  more 
autonomous  performance  measure  is  the  SIR  ana  SNR  gaiua  at  toe 
prefilter  output.  Another  possible  measure  is  whiteness  01  tht 
prefilter  output  array.  Comparisons  should  be  mace  not  only 
among  the  algorithms  presented  but  also  witn  other  ptcfilteting 
strategies  currently  in  use.  Performance  evaluation  by  computer 
simulation  is  currently  under  investigation. 

Selection  of  the  date  and  preflltcr  model  cruets  is  a 
second  Important  research  topic.  The  ;rciilt*r  coefficients  can 
ba  obtained  by  assuming  cither  an  ARMA  dots  model  wt  an  A*  data 
model;  it  Is  not  known,  however,  in  which  modal  proviu«s  tht 
better  SIR  or  SNR  improvements.  Also,  proper  A  it  model  oroer 
•election  is  critical.  If  pi.fx.pg  are  too  small,  ineffective 
filtering  results.  If  they  are  too  large,  the  AR  coefficient 
estimation  algorithms  can  become  lll-condltlooca.  Clearly, 
these  questions  merit  investigation. 

Implementation  of  the  algorithms  is  another  area  lot  luture 
research.  Effects  of  finite  word  length  compute ti one  on  perfor¬ 
mance  is  one  concern.  Also,  certain  parameter*  value#  in  these 
algorithms  as  presented  here  increase  without  ouwov  •  *  toe  number 
of  oats  samples  ( K)  increases.  The  ocvdop-cat  04  nwimeiiaeu 
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of  data  samples  ( N)  increases*  The  development  ox  noiiuaiixeu 
algorithms  is  needed  to  alleviate  this  effect.  in  particular, 
square-root  normalized  versions  of  the  fast  recursive  algorithms 
similar  to  those  in  [13]  could  be  derived. 

This  research  effort  developed  prefiltering  methods  assuming 
that  the  signal  direction  was  unknown.  In  some  applications, 

is  either  known  or  may  be  estimated.  Therefore,  moairica tions 
of  these  methods  that  incorporate  knowledge  of  may  provide 

improved  system  performance.  Also,  we  have  not  yet  discussed 
exactly  how  to  choose  the  weights  to  combine  the  M  preriiter 
outputs  into  one  signal  which  feeds  the  chanuel  equalizer  isee 
Figure  1).  One  approach  is  to  feed  only  one  of  the  h  signals  to 
the  equalizer.  When  Qj  is  unknown,  this  is  probably  tne  best 
choice.  However,  when  ©s  is  known  other  choices  of  these  weights 
should  also  improve  receiver  performance.  Therefore,  investiga¬ 
tion  of  ways  to  Incorporate  this  knowledge  into  the  weight 
selection  is  also  recommended. 

Finally,  recursive  algorithms  were  presauted  ouiy  for  a 
special  class  of  model  orders  (l.o.,  AK(K-l)  in  the  spatial  eirec*- 
tion).  Since  recursive  algorithms  arc  more  amenable  to  implemen¬ 
tation,  it  is  Important  to  develop  recursive  versions  of  the  more 
general  algorithms  of  Section  IV. 


>V 

y. 


% 


REFERENCES 


L  lj  Sylvauia  Systeus  Crouj.,  MHF  Wideband  l-louem  Program”, 

RADC  Tech  Report  C DEL- AO 08  ,  November  1961  . 

12;  R.  A.  Hons  in^o  ant  T.  W.  Miller,  lit  t  rouuctxon  to  Adaptive 
Arrays  ,  New  York,  Wiley- Interscience ,  1966. 

[3j  0.  L.  Frost,  III,  "An  Algorithm  ior  Linearly  constrained 

Adaptive  Array  Processing",  P  roc .  IEEE,  Vol.  ou,  No.  6, 

August  1972,  pp.  926-35. 

[4j  J.  W.  Modestino,  et.  al.  “Digital  C ornmunica Lions  in  Spatially 
Distributed  Interference  Channels.”  Rome  Air  DeveiQpueut 
Center  Tech.  Report  RAL'C- TR-8 2- 15 1  Becemuer  IsfoZ. 

1 5  j  Hr  A.  Wiggins  and  E.  A.  Robinson,  "Recutbi ve  Solution  to  the 

Multichannel  Filtering  Problem,"  J.  Geophysical  Research, 

Vol.  70,  No.  8,  Apr.  1965  ,  pp.  1835-51 . 

1 6  j  M .  Morf,  A.  Vieira,  D.  T.  Lee,  auu  T.  Kailalii,  "Recursive 

Multichannel  Maximum  Entropy  Spectral  Estimation,"  IEEE  Trans. 
Geoscience  Electronics.,  Vol.  GE-16  ,  No.  2,  Apr.  1978  ,  pp.  8:>-95  . 

[  7 ;  J.  0.  Proakis  and  J.  V. ,  Kttchum,  "Suppression  oi  Narrowband 
Interference  in  Psuedo-Noise  Spread  Spectrum  Systems,"  Roue 
Air  Development  Center  Tech.  Report  RADC-XkL-b  l-t>  ,  Feb.  1981  . 

(8j  Koopmans,  The _ Spectral  Analysis  oi  Time  Series,  New  i  or  K , 

Academic  Press,  19?$. 

1 9 i  J.  A.  Cadzow  and  R.  L.  Moses,  "Adaptive  AREA  Spectral 
Estimation,  Part  I"  Proc.  1st  IEEE  Spectral  Estimation 
Workshop,  Hamilton,  Out.,  Aug.  17-13 ,  1981. 

i 10 j  J.  A.  Cadrow  and  R.  L.  Moses,  "Adaptive  aRma  Spectral 

Estimation,  Part  II"  Proc.  1st  IEEE  Spectral  Estimation 
Workshop,  Hamilton,  Ont.,  Aug.  17-18,  1961. 

111]  J.  H.  Justice,  "A  Levinson-Type  Algorithm  for  Two  Dimensional 
Weiner  Filtering  Using  Bivariate  Sze*u  Polynomials,"  Proc. 

IEEE,  Vol.  65,  No.  6,  June  1977  ,  pp.  882-6. 

112]  H.  Akalke ,  "Block  Toeplitz  Matrix  Inversion,"  SIAM  J.  Appl. 

Math,  Vol.  24,  No.  2,  March  1973,  pp.  234-41. 

1 13 J  B.  Frledlander,  "Instrumental  Variables  Method*  tor  AkhA 

Spectral  Estimation, "  IEEE  Trans.  Acoustics,  Speech,  Signal 
Proc.,  Vol.  ASSP-31,  No.  2,  April  1983,  pp.  404-15. 

1 14 J  R.  Moses,  "Fast  Recursive  Spectral  Estimation  From  ad 
Overdo termined  Set  of  Extended  Yule-Walker  Equations," 

Proc.  IEEE  Int'l.  Ccnf .  Acoustic*,  Speech,  Signal  Proc., 

Boston,  MA,  April  14-16,  1983. 


73-21 


1983  USAF-SCEEE  SUMMER  FACULTY  RESEARCH  PROGRAM 


Sponsored  by  the 


AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 


Conducted  by  the 


SOUTHEASTERN  CENTER  FOR  ELECTRICAL  ENGINEERING  EDUCATION 


FINAL  REPORT 


RAMAN  SPECTROSCOPY 

OF  INHIBITED  AND  STIMULATED,  NORMAL  AND 
NEOPLASTIC  CULTURED  HUMAN  AND  MAMMALIAN  CELLS 


Prepared  by:  Dr.  James  J.  Mrotek 

Academic  Rank:  Associate  Professor 


Department,  Department  of  Physiology 

School  and  School  of  Medicine 

University:  Meharry  Medical  College 

Research  Location:  School  of  Aerospace  Medicine 

Data  Sciences  Division 
Biomathematics  Modeling  Branch 
Brooke  Air  Force  Base,  Texas 

USAF  Research:  Dr.  John  Taboada 

Date:  October  24,  1983 


Contract  No 


F49620-82-C-0035 


RAMAN  SPECTROSCOPY 


OF  INHIBITED  AND  STIMULATED,  NORMAL  AND 
NEOPLASTIC  CULTURED  HUMAN  AND  MAMMALIAN  CELLS 

by 

James  J.  Mrotek 
ABSTRACT 

Y-l  mouse  adrenal  tumor  cells  and  two  human  respiratory 
tract  fibroblast  cell  lines  (HEP-2,  transformed,  and 
MRC-5,  non-transformed )  were  used  for  laser-Raman  spec¬ 
troscopy.  One  spectral  line  group  observed  with  non- 
stimulated  Y-l,  MRC-5,  and  HEP-2  cells  was  similar  to 
bacterial  cell  lines?  the  lines  may  represent  laser 
photon  scattering  by  high  energy-containing  compounds 
such  as  ATP.  Comparing  spectra  from  HEP-2,  MRC-5  and  Y-l 
cells,  total  spectral  lines  increased  in  the  order:  HEP- 
2,  Y-l  and  MRC-5.  ATP  increased  adrenal  cell  steroid 
production  and  caused  increased  numbers  of  lines  in  both 
Stokes  and  anti-Stokes  wavelengths?  anti-Stokes  activity 
is  seldom  observed  in  Raman  spectra.  The  spectra  common 
to  all  living  cells  was  masked  by  the  extreme  ATP  spec¬ 
tral  activity.  HEP-2  molecules  produced  significant 
numbers  of  tightly  grouped,  adjacent  Raman  spectral 
doublet  and  triplet  patterns  not  observed  with  non- 
transformed  fibroblasts.  Cultured  human  and  mammalian 
cell  line  preliminary  results  suggested  that  spectro¬ 
scopy  may  produce  significant  new  information  about 
spectral  signatures  of  intracellular  molecules  and 
intracellular  energy  transduction. 
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I.  INTRODUCTION 


Through  the  use  of  USAF  School  of  Aerospace  Medicine  lab 
director^  funds  and  support.  Dr.  John  Taboada,  working 
in  the  Clinical  Sciences  Division  of  the  School  of 
Aerospace  Medicine,  is  developing  a  research  program  and 
experimental  facility  to  investigate  the  laser-Raman 
spectroscopy  of  molecules  in  living  systems.  This  new 
and  incisive  approach  to  clinical  testing  is  directed 
toward  improving  non-invasive,  stressed  and  non-stressed 
clinical  diagnosis  of  Air  Force  personnel. 

Dr.  Taboada  initiated  the  spectroscopy  program  with  a 
reexamination  of  the  laser-Raman  spectroscopy  of  living 
bacterial  cell  systems,  recently  published  by  Webb  and 
coworkers  (1).  His  preliminary  findings  teem  to  support 
the  existence  of  useful  laser-Raman  spectral  signatures 
which  are  related  to  life  processes. 

In  the  following  section  the  theoretical  background  for 
Dr.  Tabaoda's  research  program  will  be  briefly  reviewed. 
This  background  will  discuss  the  use  of  laser-Raman 
spectroscopy  to  study  molecules  within  living  cells  and 
will  examine  the  hypothesis  that  Raman  spectroscopy  may 
be  of  value  in  studying  energy  transduction  within 
cells.  The  unique  features  of  the  Y-l  mouse  adrenal 
tumor  cell  and  other  cultured  steroidogenic  cells  will 
be  presented  in  order  to  provide  a  backgroud  for  the 
studies  conducted  during  this  past  summer.  This 
background  is  necessary  for  understanding  the  relation¬ 
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ship  of  intracellular  molecules  and  molecular  function 
in  the  production  of  steroids  by  these  cells.  Jn  add¬ 
ition,  we  will  investigate  the  possible  ways  in  which 
these  cells  and  their  molecules  could  serve  as  models  in 
the  examination  of  problems  of  concern  to  the  Air  Force. 
This  discussion  will  be  followed  by  a  summary  of  our 
preliminary  research  findings.  The  influence  of  these 
preliminary  results  contributed  significantly  to  the 
direction  of  our  future  research.  We  propose  continuing 
the  development  of  methods  for  spectroscopically  exam¬ 
ining  cultured  mammalian  cells  and  initiating  studies  of 
model  in  vitro  biochemical  species. 

THEORETICAL  BACKGROUND  FOR  RAMAN  SPECTROSCOPICAL 
STUDIES: 

Because  a  molecule  interacts  with  the  incident  photons 
with  which  it  is  irradiated,  a  small  number  of  photons 
of  shorter  ( anti- Stokes )  or  longer  (Stokes)  wavelengths 
than  thos*  of  the  original  incident  light  will  be  scat¬ 
tered  by  the  molecule  during  the  irradiation.  Laser- 
Raman  spectroscopy  is  performed  by  scanning  a  range  of 
wavelengths  immediately  preceeding,  and  succeeding,  the 
wavelength  of  the  incident  photons  to  detect  photons 
scattered  by  the  irradiated  molecules.  In  theory,  a 
given  molecule  will  produce  only  a  limited  number  of 
specific  spectra. 

Davydov  proposed  that  proteins  may  transport  or  store 
energy  within  a  cell  by  generating  soliton  vibrations 
along  the  alpha  helix  of  the  protein  molecule  (2).  The 
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soliton  is  defined  as  a  distinctively  non-linear  phe¬ 
nomenon  in  which  a  conserved  quantity  propagates  without, 
change  of  temporal  shape  along  a  one-dimensiona3  channel 
as  a  localized  "lump"  (3).  From  the  molecular  point  of 
view  the  soliton  could  be  a  local,  but  mobile,  region  of 
conformational  change;  thus,  proteins  and  DNA  are  nat¬ 
ural  molecules  for  soliton  formation  (4,5).  The 
importance  of  the  Davydov  proposal  for  soli ton-gener¬ 
ation  in  biomolecules  rests  in  the  fact  that  solitons 
represent  a  mechanism  for  the  transport  of  enerqy 
between  its  site  of  generation  within  a  subcellular 
region  and  the  relatively  great  cellular  distance  to  the 
sites  where  it  ultimately  is  used,  or  stored  (2).  Since 
high  molecular  weight  biomolecules  are  often  located 
between  the  site  of  energy  formation  and  its  ultimate 
utilization,  these  molecules  would  be  logical  candidates 
in  which  to  generate  solitons  and  transport  them.  Jn 
this  regard  it  is  interesting  that  Raman  spectroscopy 
was  used  by  S.  J.  Webb  and  his  associates  to  study 
molecular  vibratory  states  in  living  cells  (6). 

Although  laser-Raman  spectroscopy  was  used  for  a  number 
of  years  to  study  inorganic  chemical  reactions,  in  1968 
Webb  and  his  associates  proposed  that  this  technique 
could  be  used  to  study  living  cells  (7).  Using  cold 
shock  to  synchronize  division  of  the  bacterial  species. 
Bacillus  meqaterium,  Webb  and  coworkers  were  able  to 
detect  characteristic  Raman  spectra  that  seemed  to  be 
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associated  with  bacterial  cell  division  (1).  In  a  3982 
study,  these  same  investigators  suggested  that  cells 
from  human  breast  tumors  and  the  non-tumerous  breast  of 
the  same  individual  gave  a  characteristic  leser-Raman 
line  that  could  not  be  observed  in  cells  from  breasts  of 
non-tumerous  patients  (8).  However,  other  investigators 
were  unable  to  confirm  these  findings. 


II.  OBJECTIVES 

Recently  J.  Taboade  was  able  to  duplicate  the  observ¬ 
ation  that  cold  synchronized  Bacillus  megaterium  did 
indeed  generate  characteristic  Raman  spectra.  The 
objective  of  the  collaboration  between  Dr.  Tsboada  and 
me  was  an  attempt  to  determine  whether  cultured  normal 
and  neoplastic  mammalian  and  human  cell  types  produced 
Raman  spectra  and  whether  these  spectra  were  modified  by 
exogenous  stimulants  or  by  transformation  of  the  cells 
to  neoplasias. 

Since  I  was  familiar  with  properties  of  the  Y-l  mouse 
adrenal  tumor  cell  line  and  its  special  culture  cond¬ 
itions,  we  began  our  studies  with  these  cills.  Cultured 
steroid  producing  cells  can  be  used  for  studying  the 
internal  and  external  conditions  affecting  steroid  pro¬ 
duction,  Raman  spectra  and  soli ton  wave  generation 
because  the  intracellular  molecules  and  steps  involved 
in  steroidogenesis  are  relatively  well  defined.  Prob¬ 
lems  slowing  our  progress  developed  during  adaptation  of 
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the  adrenal  line  to  the  special  conditions  required  for 
laser-Raman  spectroscopy.  We,  therefore,  expanded  our 
studies  to  include  normal  and  neoplastic  cultured  human 
fibroblast  lines  in  order  to  utilize  my  time  and  exper¬ 
tise  most  efficiently. 


follows: 

In  general  for  steroid  producing  cells  (9):  1 

stimulating  pituitary  hormone  binds  to  receptors  on  the 
extracellular  surface  of  the  cell;  2)  Bound  hormone 
activates  an  enzyme,  adenyl  cyclase,  located  on  the 
cytoplasmic  side  of  the  surface  membrane,  causing  ATP  to 
be  converted  into  cyclic  3', 5'  adenosine  monophosphate 
(cAMP);  3)  Actin-containing  microfilaments  are  either 
directly  activated  by  cAMP  or  by  other  systems  and  serve 
as  transducers  of  information  from  the  cell  membrane  to 
the  steroid  synthesizing  c  jane lies,  the  mitochondria 
(10-12)  (For  purposes  of  discussing  soliton  wave  prop¬ 
agation  along  alpha  helical  molecules,  it  is  important 
to  understand  that  actin  mi crofi laments  are  composed  of 
single  (monomeric)  proteins  polymerized  into  two  fila¬ 
mentous  strands  which  are  alpha-helically  wound  around 
each  other.  The  polymers  are  formed  when  individual 
globular  actin  monomers,  themselves  containing  regions 
of  alpha  helix  within  the  monomeric  globular  protein 
molecule,  are  polymerized  by  ATP  (13).);  4)  Activated 
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actin-containing  microfilaments  cause  cholesterol 
stored  in  the  cytoplasm  of  the  steroid  producing  cell 
to  be  brought  together  with  mitochondria  (11,  12);  5) 
Within  the  mitochondria  are  located  the  cholesterol 
side-chain  cleavage  enzyme  complexes  (14,  15): 

a)  The  bringing  of  the  cholesterol  substrate  t* 
the  cleavage  enzyme  is  the  rate-limiting  step  for 
the  synthesis  of  steroids  by  tissues  such  as  the 
placenta,  ovary,  testis  and  adrenal  cortex;  b)  This 
step  is  ultimately  controlled  by  the  pituitary 
hormone  binding  to  the  cell  surface;  c)  The  choles¬ 
terol  side-chain  cleavage  enzyme  complex  has  a  very 
high  molecular  weight;  a)  The  active  enzyme  complex 
is  constructed  from  three  different  proteins:  non¬ 
heme  iron,  adrenodoxin  and  cytochrome  P-450;  e) 
Each  cf  these  molecules  is  globular  in  nature  and 
contains  sizable  alpha  helical  regions;  f)  In  add¬ 
ition,  cytochrome  P-450  is  a  polymeric  protein 
composed  of  16  identical  monomers;  g)  The  enzyme 
complex  functions  when  adrenodoxin  binds  NADPH , 
cytochrome  P-450  binds  molecular  oxygen  and  the 
energy  in  the  NADPH  causes  the  molecular  oxygen  to 
be  transferred  to  the  side-chain  of  the  cholesterol 
molecule;  h)  Because  of  the  l^rge  size  of  this 
complex  it  seems  possible  that  solitons  may  be 
required  to  transfer  the  energy  in  NADPH  the  rela¬ 
tively  great  distance  from  the  adrenodoxin  molecule 
to  the  region  where  molecular  oxygen  is  transferred 


to  cholesterol?  i)  In  order  to  obtain  data  exam¬ 
ining  the  hypothesis  which  predicts  that  solitons 
travel  along  proteins  containing  alpha  helical 
regions  (3),  the  larger  the  molecules  or  molecular 
complex  the  easier  it  will  be  to  investigate  these 
events  using  Raman  spectroscopy.  Thus  the  choles¬ 
terol  side-chain  cleavage  enzyme  is  an  ideal  model 
for  testing  this  hypothesis.  Since  it  is  pro¬ 
jected  that  future  computer  systems  could  use 
proteins  as  microswitches,  establishing  that  sol¬ 
itons  can  be  carried  along  proteins  becomes  some¬ 
what  important; 

. .  As  a  result  of  cholesterol  side-chain  cleavage  the 
steroid  known  as  pregnenolone  is  produced  (16);  7)  This 
steroid  is  further  modified  by  enzymes  located  in  the 
smooth  membranes  of  the  cytoplasm  and  in  the  mitochon¬ 
dria  (9);  8)  Once  the  specific  substrates  for  these 
later  enzymes  are  present,  these  enzymes  require  no 
farther  activation  to  produce  and  secrete  steroid  hor¬ 
mones. 

111.  RESULTS 

Adrenal  Cells  — Using  nor-stimulated  cultures  of  the 
cloned  Y-l  mouse  adrenal  tumor  cell  line,  we  determined 
that  two  populations  of  spectral  lines  could  be 
observed.  The  first  population  contained  spectral  lines 
similar  to  those  appearing  in  a  certain  wavelength 


region  of  the  bacterial  spectra;  we  speculate  that  these 
may  represent  spectral  lines  associated  with  the  utili¬ 
zation  of  high  energy  compounds  such  as  ATP.  Thus,  these 
spectra  may  represent  molecular  vibrations  generated 
during  activities  which  are  common  to  living  cells  such 
as  these  mammalian  and  bacterial  cells.  The  second 
population  of  spectral  lines  observed  with  the  Y-l 
adrenal  cell  seemed  to  be  different  from  those  observed 
with  bacterial  cells  and  may,  therefore,  represent 
molecular  vibrations  that  specifically  occur  in  adrenal 
cell  molecules. 

Cultured  adrenal  cells  produce  small  amounts  of  steroid 
hormones  when  they  are  incubated  using  standard  control 
conditions  (17).  If  the  cultures  are  exposed  to  stimu¬ 
lating  agents  such  as  the  pituitary  hormone,  adreno- 
corticotropin  (ACTH),  the  second  messenger,  cyclic 
3', 5*  adenosine  monophosphate  (cAHP),  ATP,  or  cholera 
toxin  (17,  18),  the  cells  respond  by  increasing  steroid 
production  at  least  ten-fold.  Because  one  group  of  spec¬ 
tral  lines  observed  irt  non-stimulated  adrenal  and  bact¬ 
erial  cells  could  result  from  scattering  of  laser 
photons  by  high  energy-containing  compounds  such  as  the 
ATP  found  in  all  living  cells,  we  tested  whether  the 
addition  of  excess  ATP  to  increase  steroid  production 
by  adrenal  cells  caused  alteration  of  the  Raman  spectra 
we  observed  with  the  control  cells.  The  number  of 
intense,  narrow  band  peaks  recorded  for  the  wavelengths 
of  both  the  Stokes  and  anti -Stokes  photons  increased 
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dramatically.  The  effect  of  ATP  on  anti-Stokes  wave¬ 
lengths  was  surprising;  cells  seldom  produce  anti-Stokes 
light  scattering  events.  The  total  scatter.ir»n  activity 
was  so  great  that  it  was  difficult  to  determine  the 
effect  of  the  ATP  on  those  portions  of  the  spectra  which 
seem  to  be  common  to  all  living  cells.  Using  popu¬ 
lations  of  cells  obtained  from  various  species,  future 
experiments  will  be  needed  to  determine  the  effects  on 
this  portion  of  the  spectra  by  adding  increasing  concen¬ 
trations  of  ATP  to  these  cells. 

Fibroblast  Cell  Lines  — In  a  second  group  of  experiments 
Dr.  Taboada  and  I  studied  two  different  human  respirat¬ 
ory  trrc  fibroblast  cell  lines.  Clonal  cultures  of  a 
transformed  human  nasal  fibroblast  carcinoma,  HEP-2, 
were  compared  to  the  non- transformed  human  lung  fibro¬ 
blast  cell  line,  MRC-5.  Again,  we  were  able  to  detect 
"life-related"  spectral  bands  similar  to  those  observed 
with  the  bacterial  and  the  adrenal  cells.  The  spectra 
scattered  by  molecules  in  the  HEP-2  cells  did  not  con¬ 
tain  as  many  lines  as  those  produced  by  molecules  con¬ 
tained  within  irradiated  adrenal  tumor  cells.  MRC-5 
cell  molecules  were  highly  active  in  producing  Raman 
spectral  lines.  Preliminary  information  from  the  HEP-2 
line  also  suggested  that  the  molecules  in  these  cells 
produce  a  significant  number  of  tightly  grouped  adjacent 
Raman  spectral  lines,  resulting  in  recordings  of  doublet 
and  triplet  patterns.  Non-transformed  fibroblasts  did 


not  emit  these  multiple  signals;  instead,  numerous, 
intense  narrow  band  wavelengths  were  produced.  Our 
observations  were  complicated  by  the  fact  that  the  fib¬ 
roblast  lines  studied  were  derived  from  different  indi¬ 
viduals  and  from  two  different  regions  of  the  res¬ 
piratory  tract.  However,  these  results  are  consistent 
with  the  results  of  Webb  and  coworkers  who  observed 
similar  spectral  differences  in  Raman  scans  of  normal 
and  cancerous  breast  tissue  (8).  Whether  our  experi¬ 
ments  offer  a  possible  method  for  evaluation  of  normal 
and  cancerous  tissues  requires  many  more  observations. 

IV.  RECOMMENDATIONS  FOR  FUTURE  RESEARCH 

In  this  section  procedures  are  described  for  solving 
problems  which  developed  during  my  ten  week  summer 
research  fellowship  at  the  School  of  Aerospace  Medicine, 
Brooks  Air  Force  Base,  Texas.  Having  solved  the  logisti¬ 
cal  problems  impeding  further  rapid  progress,  it  is 
assumed  that  the  techniques  will  be  applied  to  obtain 
insights  into  more  fundamental  problems  of  concern  to 
the  Air  Force.  Thus,  an  additional  series  of  experi¬ 
ments  to  be  conducted  over  a  longer  time  period  are 
briefly  described. 

SPORT-TERM  EXPERIMENTS  DESIGNED  TO  DEVELOP  TECHNIQUES 
FOR  OPTIMIZING  RAMAN  SPECTROSCOPY  OF  CULTURED  CELLS 

In  our  preliminary  work  during  the  summer  research  fel¬ 
lowship  period,  several  problems  were  encountered  which 
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are  now  being  solved  at  Meharry  Medical  College.  These 
include: 


Problems  Associated  With  Using  Cell  Suspensions  Produced 
By  Removing  Calcium  From  The  Extracellular  Fluid  — In 
order  to  conduct  our  experiments  it  was  necessary  to 
adapt  the  handling  of  the  cells  to  the  existing  system 
for  Raman  spectroscopy  of  bacterial  cells.  Thus,  the 
human  and  mammalian  cells  had  to  be  suspended  in  a  non-* 
fluorescent  nutrient  medium  containing  the  calcium  che¬ 
lator,  EDTA,  in  order  to  introduce  them  into  a  cuvette 
for  scanning.  This  treatment  is  traumatic  to  the  physi¬ 
ology  of  the  cell  because  excess  EDTA  may  cause  intra¬ 
cellular  calcium  to  diffuse  to  the  extracellular  fluid 
and  alter  intracellular  activity. 

Proposed  Approach  — An  alternative  cell  handling  system 
for  conducting  the  laser  scan  modifying  techniques  I 
developed  to  grow  cells  on  negatively  charged,  carbon- 
coated  microscope  slide  coverslips  for  scanning  electron 
microscopy  (12).  Coverslips  will  be  inverted  over  a 
welled  microscope  slide  that  contains  culture  medium  in 
the  well  (see  diagram  1). 

i 

^  *  M'caaseor*  Suae  DIAGRAM  1 

If  suitable  modifications  were  made  to  the  drive  system 
of  the  Raman  spectrometer,  the  microscope  slide  con¬ 
taining  the  inverted,  cell-covered  coverslip  could  be 


moved  through  the  laser  beam  to  scan  the  cells. 

LONG-TERM  INVESTIGATIONS  USING  HUMAN  AND  MAMMALIAN  CELL 
LINES  FOR  RESEARCH  IN  RAMAN  SPECTROSCOPY 

Potential  Studies  Using  Steroid  Producing  Cells  — The 
two  steroid  producing  cell  lines  which  I  can  culture  are 
mouse  adrenal  and  rat  testis  tumor  cells.  The  steroid 
pathways  of  these  cells  are  well  defined  and  offer  an 
additional  advantage  that  they  contain  the  cholesterol 
side-chain  cleavage  enzyme  which  we  wish  to  eventually 
study  using  laser-Raman  spectroscopy.  Physiological 
concentrations  of  various  exogenous  biochemicals  can  be 
used  to  by-pass  any  of  the  above  mentioned  steps  in  the 
steroidogenic  pathway  and  the  steroids  produced  in 
response  to  these  biochemicals  can  be  conveniently 
measured  using  a  radioimmunoassay  (11,  18-20).  As  a 

result,  each  of  these  cell  lines  is  useful  in  defining 
the  step  of  the  pathway  affected  by  environmental  toxi¬ 
cants,  such  as  cigarette  smoke  (19).  Because  of  the 
success  of  the  cigarette  studies,  I  expect  that  these 
cells  could  also  be  useful  in  defining  the  effects  of 
organophosphates  and  anaesthetics  in  these  cells.  Since 
others  have  predicted  that  certain  anaesthetics  act  by 
inhibiting  soliton  generation  within  membrane  proteins, 
the  adrenal  may  offer  a  convenient  model  system  for 
testing  this  hypothesis.  Indeed,  studies  conducted  by 
Dr.  P.  P.  Hall  and  myself  with  the  anaesthic  Halothane 
suggest  that  the  ability  to  stimulate  steroidogenesis 
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is  inhibited  by  this  anaesthetic  (12).  Since  the 
adrenal  cell  produces  the  steroid  hormones  which  fun¬ 
ction  to  protect  an  organism  against  the  effects  of 
stress  (21),  it  is  important  to  know  how  the  above 
mentioned  agents  affect  the  production  of  steroids  and 
the  Raman  spectra  of  the  cells.  Equally  important  are 
the  insights  into  effects  of  toxicants  on  production  of 
reproductive  steroids  and  the  Raman  spectra  of  testic¬ 
ular  interstitial  cells.  Since  reproductive  steroids  are 
known  to  affect  behavior  and  efficiency,  two  activities 
of  concern  in  Air  Force  daily  activities,  cultured  tes¬ 
ticular  interstitial  cells  will  provide  convenient 
models  for  these  studies. 

Potential  Studies  With  Fibroblasts  — In  previously  des¬ 
cribed  studies  we  observed  that  MFC-5  fibroblasts  offer 
the  possibility  for  evaluating  age-related  changes 
occurring  within  continuously  cultured  cells.  Fibro¬ 
blasts  are  the  most  universal  cell  found  in  our  body 

(22) ;  they  serve  as  the  framework  around  which  all 
organs  and  tissues  in  our  body  are  constructed. 
Hayflick,  the  "father"  of  cellular  gerontology,  suggests 
that  understanding  the  process  of  senescence  in  fibro¬ 
blasts  may  serve  to  facilitate  understanding  of 
declining  function  of  tissues  and  organs  in  the  older 
individual,  since  continued  function  of  these  cells  is 
mandatory  for  continued  function  of  the  organ  and  tissue 

(23) .  The  MRC-5  cell  line  is  an  extensively  charact¬ 
erised,  pedigreed  human  fibroblast  cell  line  used  in 


studies  of  aging  (24).  These  cells  grow  and  multiply  for 
30  generations  after  which  the  cells  cease  dividing. 
Cells  of  various  ages  can  be  purchased  for  study  of  age- 
related  cellular  changes.  Since  the  Air  Force  has  as 
one  of  its  goals  development  of  non-invasive  diagnostic 
techniques  to  assess  age-related  reduction  in  personnel 
efficiency,  MRC-5  cells  may  serve  as  a  model  system  to 
non-invasively  determine  the  characteristic  laser-Raman 
spectral  changes  that  occur  as  fibroblast  cells  age. 
The  pattern  of  these  changes  may  then  be  sought  in 
tissues  and  organs  of  Air  Force  personnel. 
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CARIBBEAN  REGIONS 
by 

Frederick  Nagle 
ABSTRACT 


As  a  consequence  of  a  literature  search  to  provide  a  geologic 
foundation  for  magnetic  and  gravity  anomalies  described  by  Sailor  and 
Lasarevlcsl»2,  it  is  evident  that  several  large  geographic  features  In 
the  southeastern  Indian  Ocean  nay  be,  at  least  In  part,  continental.  If 
any  or  all  of  then  are  continental,  then  reconstruction  nodels  for 
Antartlca-  India-  Australia  vlll  have  to  be  nodlfled. 

For  one  of  these  areas,  the  Kerguelen  Plateau,  there  are  deep  tea  core 
senples  in  storage,  not  yet  studied  In  detail,  which  could  help  resolve 
this  question.  Preparatory  steps  have  been  taken  for  submission  of  a 
proposal  to  the  Antartic  Branch  of  the  National  Science  Foundation. 

Three  model  sites  are  designated  for  combined  analysis  of  gravity  and 
magnetic  data  to  determine  rock  types  and  crustal  structure.  Ultimately 
such  determinations  could  be  done  for  other  areas  from  satellite  data  alone 
dork  has  begun  on  a  J/p  (anomalous  magnetisation/anomalous  density) 


map  for  the  Caribbean.  Since  so  much  detail  is  known  about  the  rocks  and 
structure  of  this  region,  this  map  could  serve  as  an  interpretive  guide 
for  anomalies  already  known  In  the  Indian  Oeean  or  elsewhere. 
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1.  INTRODUCTION: 


Accurate  magnetic  and  gravimetric  data  are  essential  to  the  Air  Force 
for  many  guidance  and  navigational  systems.  That  same  information  coabi ti¬ 
ed  with  "ground  truth"  rock  and  topographic  data  from  a  specific  region 
can  help  earth  scientists  gain  a  three  dimensional  picture  of  the  struc¬ 
ture  of  that  region,  as  well  as  to  Interpret  other  regions  where  similar 
magnetic  and  gravity  signatures  occur. 

Sailor  and  Laxarewics  (AFGL)*  and  Latarewlct  and  Sailor^  produced  an 
equivalent  source  crustal  magnetic  anomaly  map  from  NASA's  Magsat  data 
of  a  region  within  the  southeastern  Indian  Ocean  (Figures  1,  2,  3,  4). 
This  region  contains  several  major  tectonic  features,  amongst  them, 
the  following  aselemic  ridges  and  plateaus:  Rroken  Ridge,  a  portion  of 
the  Nlaetyeast  Ridge,  the  Naturallste  Plateau  and  the  South  East  Indian 
Ridge.  All  of  these  features  were  Involved  In  or  caused  by  the  breakup 
of  east  Coodwanaland.  Figure  3  shows  the  entire  Indian  Ocean,  earthquake 
epicenters  of  the  region,  and  the  Deep  Sea  Drilling  sites  of  the  P/V 
Closer  Challenger. 

Sailor  and  laxarewics^  also  produced  a  gravity  anomaly  map  (Figure  5) 
and  a  vertical  derivative  of  the  gravity  anomaly  map  (Figure  6).  Using 
Folssoa's  relation  and  the  maps  of  Figures  4  and  6,  they  computed  a 
map  of  anomalous  magnet last lon/anomalous  density  (J/p)  Figure  7.  From 
their  maps  one  can  see  a  large  positive  magnetic  anomaly  over  the 
eastern  part  of  the  Rroken  Ridge  and  a  positive  gravity  anomaly  about 
400  km  to  the  west  on  the  same  ridge.  Neither  of  these  anomalies 
continues  smoothly  to  the  Nlnetyeast  Ridge.  On  the  J/p  map,  there 
is  a  broad  high  on  Che  eaafarn  jurr  of  rH*  Rroken  Ride#  and  «  long 
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linear  trend  in  the  southwestern  portion  of  the  map  which  may  or  may 
not  be  associated  with  a  real  feature.  The  authors  point  out  that 
this  linear  trend  is  offset  in  the  area  where  there  are  changes  in 
the  magnetic  and  gravity  maps  (Figures  4  and  5)  and  that  variations 
in  J/p  could  be  due  to  differences  in  crustal  thickness,  rock  type, 
density,  susceptibility,  or  depth  to  the  Curie  Isotherm. 

Combining  magnetic  and  gravity  data  using  Poisson's  equation  in  geo¬ 
physical  studies  are  not  unique  to  Sailor  and  Lazarewicz  (see  references 
3,  4,  5,  6).  Garland's  paper^,  which  attempts  a  determination  of  the  rock 
type  causing  the  anomalies,  is  particularly  pertinent  to  this  study. 

This  author  knew  of  considerable  geologic  Information  not  taken  into 
account  in  the  original  Sailor  and  Lazarewicz  papers.  Also,  he  has  had 
both  land  and  sea  field  experience  in  the  Caribbean  region7 This 
region  (Figure  8)  has  several  different  types  of  crust  within  its  bound¬ 
aries:  oceanic  crust  in  the  Atlantic  Ocean,  intermediate  thickness  crust 
in  the  Colombian  and  Venezuelan  Basins,  island  arc  crust  under  the  Greater 
and  Lesser  Antilles,  carbonate  platforms  under  the  Bahamas  and  the 
Yucatan  and  continental  crust  in  Venezuela  and  Colombia.  Since  many  of 
these  areas  have  been  studied  in  some  detail,  the  Caribbean  region  is 
an  ideal  region  to  compare  to  the  Indian  Ocean  area  examined  by  Sailor 
and  Lazarewicz1 *2, 

II.  OBJECTIVES* 

During  the  course  of  this  study,  four  objectives  are  being  pursued: 

(1)  To  Interpret  the  geophysical  anomalies  already  discovered  in 
the  Indian  Ocean  by  researching  the  published  literature. 

(2)  To  determine  the  availability  of  magnetic  and  gravity  data  within 
the  Caribbean  for  the  construction  of  a  J/p  (anomalous  magnetization/ 


anomalous  density)  to  compare  with  the  one  produced  by  Sailor  and 
Lazarewiczl»2  for  the  southeastern  Indian  Ocean. 

(3)  To  pick  sites  in  both  the  Caribbean  and  southeastern  Indian 
Ocean  with  well-defined  magnetic  and  gravity  anomalies  which  might 
be  analyzed  to  define  rock  type  (hence  crustal  type) . 

(4)  To  compare  the  results  of  using  surface  data  versus  satellite 
data  for  objectives  (2)  and  (3).  Due  to  time  limitations,  this  objec¬ 
tive  was  not  pursued  this  summer. 

III.  GEOLOGY  OF  THZ  SOUTHEASTERN  INDIAN  OCEAN: 

Sailor  and  Lazarevics^*2  focused  their  studies  on  Broken  Ridge, 
an  aseismic  ridge  which  abuts  abruptly  against  the  Ninetyeast  Ridge. 

The  review  below  is  restricted  to  features  which  are  joined  to  this 
ridge  or  those  which  isy  have  been  connected  to  it  in  the  past.  Host 
of  the  comments  are  from  ^chlich's^  review  of  the  area  in  the  Nairn 
and  Stehli12  volume.  Other  publications  which  give  the  reader  a  good 
geologic  review  of  the  region  are  the  Deep  Sea  Drilling  volumes  22, 

26  and  281^»14,15  t04f  the  summary  volume  edited  by  Heirtsler,  et  al.*6. 

The  fact  that  Broken  Ridge  Is  joined  at  right  angles  to  the  Ninety- 
east  Ridge  (Figure  2)  is  unusual  and  might  make  one  suspect  that  the 
two  ridges  have  had  different  origins  and  histories.  Broken  Ridge  is 
about  1200  km  long  by  400  km  wide  at  its  widest  point,  and  is  bounded 
on  the  south  by  a  scarp  which  has  a  relief  of  about  4,000  m.  Francis 
and  Raitt22  reported  the  mantle-crust  boundary  at  20  km  under  one  por¬ 
tion  of  the  ridge  and  concluded  that  the  ridge  had  a  "quasi-continental1 
structure.  Drilling  at  site  255  did  not  penetrate  to  basement  rocks  eo 
the  question  of  whether  the  ridge  has  continental  or  oceanic  crust 
can  not  be  decided,  but  drilling  at  that  site  did  reach  Cretaceous 
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limestones  overlain  with  angular  unconformity  by  Eocene  sediments 
(Figure  9).  The  Cretaceous  limestones  are  considered  by  Davies, 


Luyendyk,  et  al,,^  to  have  been  ucpo&ited  in  shallow  water  of  a  few 
hundred  meters  or  less.  Subside  ice  began  at  this  site  only  in  the  late 
Eocene.  This  drilling  site,  the  only  Deep  Sea  Drilling  site  on  Broken 
Ridge,  is  located  on  Figures  2,  3,  4,  5  and  7  for  reference.  There 
is  one  heat  flow  measurement  reported  from  the  ridge  (Udlnstev^) 
of  2.9  HFU,  somewhat  higher  than  the  average  of  1.6  HFU  from  aaelamlc 
ridges  in  the  Indian  Ocean. 

As  Schlich11  points  out,  the  Kerguelen-lleard  Plateau  (Figure  3), 
separated  from  the  Broken  Ridge  by  the  South  East  Indian  Ridge,  can  be 
divided  at  roughly  53*  into  two  distinct  domains  on  the  basis  of  topog¬ 
raphy.  This  plateau  extends  2,000  km  in  a  northwest-southeast  direction 
and  is  shallower  (mainly  above  1,000  m)  in  the  north,  deeper  (mainly 
below  1,000  m)  with  more  subdued  topography  in  the  south.  There  are 
two  Island  groups  on  the  plateau,  both  with  volcanoes  which  have  been 
active  since  the  early  Tertiary.  Tha  Kerguelen  group  on  the  northern 
half  of  the  plateau  la  composed  of  one  large  island  <160  km  across)  and 
several  smaller  islands  totaling  approximately  5,000  aq  km.  Basaltic 
rocks  are  dominant  and  are  amongst  the  oldest  at  30my  although  there 
are  granite  differentiates  on  the  island.  Heard  island,  to  the  south  of 
the  Kerguelena,  but  also  on  the  northern  half  of  the  plateau,  is  about 
25  km  by  20  km  in  else  and  also  has  mostly  basic  volcanic  rocks  as  well 
as  some  acid  differentiates.  The  oldest  rocks  here  are  limestones 
interbedded  with  pyrociaatica  of  probable  Paleogene  age. 

None  of  the  rocks  exposed  on  these  islands  give  any  indication  of 
continental  cruat1**^*^*^ ,  either  «s  xenoliths  or  as  a  requirement 
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for  their  igneous  chemistry,  but  one  should  keep  in  mind  that  this 
plateau  is  immense  in  comparison  to  the  small  islands .  The  only  pub¬ 
lished  information  on  older  rocks  south  of  55°  is  by  Quilty23  who 
reports  Cenomanian- TUronian  sediments  from  a  single  core  at  about  56°S. 

The  Naturaliste  Plateau  is  one  of  the  marginal  plateaus  of  western 
Australia  separated  from  Australia  by  a  deep  trough  (3,000  m)  and  extend¬ 
ing  westward  about  300  km  (Figure  3).  This  plateau  has  morphology  very 
similar  to  Broken  Ridge11.  Sites  258  and  264  were  drilled  by  D/V  Clomar 
Challenger  on  this  plateau.  Neither  hole  penetrated  to  basement,  but 
both  reached  Cretaceous  sediments,  and  the  second  hole  bottomed  in  vol- 
cani clastic  conglomerates  containing  acid  and  basic  volcanic  fragment*. 
Earlier  seismic  profile  and  piston  core  data  prompted  a  number  of  authors 
to  propose  that  the  plateau  has  continental  crust.  Apparently,  the  same 
Cretaceous- Tertiary  unconformity  present  on  Broken  Ridge  Is  also  found 
on  the  Naturaliste  Plateau11 . 

Two  remarkable  features  about  the  Nlnetyeast  Ridge  are  certainly  its 
length  (about  5,000  km)  and  its  very  linear  form  (Figure  3).  Schlich11 
reviews  the  proposed  origins.  Following  the  Deep  Sea  Drilling  Program, 
it  is  now  generally  agreed  that  the  ridge  is  underlain  by  basalt  and 
that  much  of  the  ridge  at  one  time  was  at  shallow  depths  as  evidenced 
by  the  discovery  of  subaerial  conglomerates,  glauconite,  and  lignite 
on  the  ridge  during  the  drilling.  Also,  there  is  general  agreement 
that  the  ridge  is  older  toward  the  north.  The  basalts  on  the  ridge 
have  chemical  affinities  with  basalts  of  nearby  oceanic  islands.  In 
particular,  Saint  Paul-Amsterdam  and  Kerguelen.  This  fact  coupled 
with  paleomagnetlc  data23,  which  suggests  a  northward  movement  of 
the  ridge  some  5,000  km  since  late  Cretaceous,  has  led  several  authors 


to  propose  that  the  ridge  Is  the  result  of  a  hot  spot  from  either  the 
Saint  Paul-Amsterdaa  location  or  one  in  the  Kerguelen  area,  or  both.  The 
latest  chemical  studies21>22  faVor  Kerguelen.  The  oldest  identified 
magnetic  anomaly  parallel  to  the  northeastern  flank  of  the  Kerguelen 
Plateau  is  late  Eocene  age 26 » 27.  These  same  anomalies  are  the  oldest 
Identified  south  of  Broken  Ridge.  As  Schlich^  points  out,  it  is  this 
symmetry,  in  addition  to  the  overall  geometry,  which  has  led  some  investi¬ 
gators  to  propose  that  the  two  (and  the  Naturallste  Plateau)  were  once 
Joined  then  separated  in  the  Paleocene  or  early  Eocene  when  spreading 
between  Australia  and  Antartlca  began  (Plgure  10). 

On  the  basis  of  new  stratigraphic  and  paleontological  data  from 
northern  Victoria  Land,  Laird,  et  al.,2®  have  suggested  a  modification 
of  the  palemagnetic  fit  between  Australia  and  Antartlca.  In  turn, 

Norton  and  Molnar^  have  modified  that  fit  slightly  to  better  fit  the 
sagaetic  data  and  fracture  cone  trends.  Their  fit  shows  a  large  overlap 
of  Kerguelen  and  Broken  Ridges  which  they  believe  is  due  to  the  fact 
that  the  southern  part  of  the  Kerguelen  Plateau,  the  Broken  Ridge  and 
the  Naturallste  Plateau  are  remnants  of  an  older  ridge,  since  split  apart. 

In  spite  of  all  the  work  done  in  the  Indian  Ocean,  the  question  of 
whether  or  not  there  is  continental  crust  under  all  or  portions  of  the 
Kerguelen  Plateau,  Broken  Ridge  or  the  Naturallste  Plateau  has  not  been 
ensvared.  The  odd  magnetic  anomaly  on  Broken  Ridge  (900  km  across  and 
offset  from  a  gravity  anomaly  by  several  hundreds  of  kilometers)  indicates 
unusual,  possibly  continental  crust.  Drilling  on  both  Naturallste  Plateau 
and  Broken  Ridge  and  a  single  core  from  the  Kerguelen  Plateau  south  of 
35*  indicates  that  there  are  rocks  at  least  as  old  as  Cretaceous  on  all 
of  these  features.  Court 11 lot  and  Vink***  have  pointed  out  that  continents 

75-14 


'-*-•••  O*  •%•«*.  •  .  «  .  *  «  «  .  •  .  -  .  •  .  *  ,  ■'»*/.  «  .*  .*  .*  -*  .*  A  -*  .•  .*  •  .* 

*  V  /  vr- v  >  v  v/v 


should  break  up  by  stretching  and  fragmenting;  not  along  a  sharp  line. 

If  their  model  is  correct,  there  ought  to  be  fragmental  material  left 
behind  during  the  breakup  of  Antartlca  and  Australia*  Perhaps  Lazarewlcz 
and  Sailor 1 »2  have  found  one  fragment  on  the  eastern  end  of  Broken  Ridge* 
The  other  two  structures  (Kerguelen  and  Naturallste)  may,  in  part,  be  contl 
nental*  The  alternative  is  that  they  are  all  part  of  an  old  oceanic  ridge 
formed  in  the  initial  stages  of  breakup  of  India-  Australia-  Antartlca* 

There  does  not  seem  to  be  any  geologic  feature  to  explain  the  linear 
anomaly  seen  on  the  J/p  map  (Figure  7).  Several  have  noticed  that  this 
anomaly  follows  the  zero  contour  of  the  vertical  derivative  of  gravity 
(Figure  6)  but  what  significance  this  has  is  unknown.  The  J/p  anomaly  on 
Broken  Ridge  is  probably  real*  If  susceptibility  values  were  available 
for  rocks  on  the  ridge,  it  might  be  possible  to  make  a  good  educated 
guess  at  the  rock  types  underlying  the  ridge  from  the  known  magnetic 
and  gravity  anomalies  using  the  method  of  Garland*. 

IV*  THE  CARIBBEAN: 

The  geology  and  geophysics  of  the  Caribbean  region  have  been  summa¬ 
rised  In  several  publications1 -» 31*32,  there  Is  an  abundance  of  seismic, 
drill  hole,  dredge  and  core  data  on  the  rock  types  and  structure  of  the 
region  which  sake  it  an  ideal  modeling  area  for  geophysical  studies 
either  from  the  surface  or  from  satellite  measurements* 

The  gravity  of  the  area  from  surface  measurements  has  been  compiled 
by  Bowin22*22*2*.  These  data  are  available  in  digital  form  on  a  15'  grid. 
Additional  gravity  data  are  available  through  NASA  and  DHA. 

The  magnetic  data  from  surface  measurements  are  compiled  In  a  total 
intensity  map2*,  but  magnetic  anomaly  maps  have  been  compiled  for  only 
parts  of  the  Caribbean22* 26 • 27 • 22 .  The  surface  data  have  not  been 


digitized*  Currently,  we  are  analyzing  Magsat  data  for  the  region* 

V*  SELECTED  SITES  WITH  WELL  DEFINED  GRAVITY  AND  MAGNETIC  ANOMALIES: 

Three  sites  have  been  found  during  this  study  which  might  be  used  to 
calculate  probable  rock  types  causing  the  anomalies*.  Broken  Ridge  is  th» 
first  site*  The  eastern  end  of  this  feature  has  a  positive  100  mg  free 
air  anomaly  offset  from  a  140  gamma  magnetic  anomaly*  The  second  is  Deep 
Sea  Drilling  site  214  on  the  Nlnetyeast  Ridge  where  there  are  basement 
basaltic  rocks  of  Cretaceous  age,  a  positive  70  mg  gravity  anomaly  and 
a  negative  magnetic  anomaly  of  400  gammas  (Figures  11,  12,  13,  14).  The 
third  is  the  Los  Roques  V rough  in  the  Caribbean  at  12.5*N,  67 *W  (Figures 
IS,  16)  underlain  by  at  least  5  km  of  sediments  on  probable  basaltic 
crust.  Bare,  there  is  a  negative  2S0  mg  free  air  gravity  anomaly 
accompanied  by  a  negative  250  gamma  magnetic  anomaly. 

VI.  RECOMMENDATIONS l 

This  study  will  result  in  a  proposal  for  work  on  deep  sea  cores 
from  the  Kerguelen  Plateau,  if  further  discussion  turns  out  to  be  as 
encouraging  as  the  preliminary  inquiries.  The  author  plans  a  visit  to 
Florida  State  University  in  the  fall  where  the  cores  are  In  storage. 
Catalogue  descriptions  of  these  '.ores,  which  have  not  been  worked  on  in 
detail,  are  promising  in  that  it  is  noted  that  they  contain  rock  frag¬ 
ments  and  volcanic  ash,  as  well  as  fossils  which  could  give  age, 
depth,  and  paleogeographlc  information.  This  proposed  study,  when 
combined  with  a  magnetic  and  gravity  analysis  of  the  Kerguelen  Plateau 
proposed  by  Lasarewlcs  (pers  comm),  could  be  definitive  works  on  the 
Broken  Kldge-Kerguelen  relationship. 


Three  sites  have  been  selected  for  combined  analysis  of  gravity 
and  magnetic  anomalies.  There  is  a  need  to  develop  the  mathematics 


FUure  13.  Ms  id  vial  »ajne tic  anr**aly  mp  of  the  Vane toe lan 
latln7caribb~sn,  Contour  interval  30  nT.  M liable  contou 
In  solid  lines,  loss  reliable  in  broken  lines  (froei  Kell  ** 


for  the  procedure  suggested  by  Garland^  to  determine  the  rock  types 
causing  these  anomalies.  It  might  be  possible  to  determine  at  least 
which  rocks  are  not  causing  the  anomaly  under  Broken  Ridge. 

When  the  difficulties  with  our  processing  of  Magsat  data  are 
unravelled,  we  will  have  both  magnetic  and  gravity  data  in  digitized 
format  for  uhe  Caribbean.  At  that  time,  the  original  suggestion  for 
the  compilation  of  a  J/p  map  of  the  Caribbean  will  be  carried  out,  so 
that,  if  there  are  significant  signatures  over  the  known  crustal  types 
there,  the  knowledge  of  their  cause  could  then  be  applied  to  data 
already  collected  from  the  southeastern  Indian  Ocean  and  to  that  which 
will  be  analyzed  from  the  Kerguelen  Plateau. 

Our  ability  to  detect  crustal  type  from  analysis  of  combined  satel¬ 
lite  gravity  and  magnetic  anomalies,  or  the  ability  to  predict  the 
anomalies  which  would  be  produced  from  a  particular  crustal  type,  could 
have  economic  value  if,  for  example,  these  anomalies  are  produced  from 
ore  deposits  or  petroleum  basins. 
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I.  INTRODUCTION 

The  efficient  and  accurate  diagnosis  of  faults  in  avionic  equipment  is 
of  immense  importance  to  the  Air  Force.  Improvements  in  this  area  yield 
direct  and  tangible  increases  in  the  readiness  rate  of  the  fleet.  Current 
techniques  are  not  satisfactory  as  evidenced  by  the  very  large  number  of 
unnecessary  and/or  ineffective  maintenance  actions  that  are  done.1  As 
avionic  systems  have  increased  in  complexity,  these  problems  have  been 
magnified.  Since  the  electronics  industry  appears  to  be  introducing  more 
powerful  and  more  sophisticated  single  chip  devices  at  an  accelerating 
rate  the  problems  will  only  become  bigger.  It  is  necessary  to  take  a 
critical  look  at  the  approach  historically  taken  to  diagnose  faults  In 
digital  avionics  and  based  on  this  critique  describe  the  attributes  of  a 
more  appropriate  solution  that  will  be  applicable  to  a  wide  range  of 
devices. 

The  classical  approach  Is  based  or  circuit  tracing  techniques  hereby 
an  Input  sequence  Is  engineered  so  that  all  faults  In  a  certain  subset  of 
"allowed"  faults  can  be  distinguished  through  the  use  of  a  prestored  fault 
dictionary.  When  a  Unit  Under  Test  (UUT)  Is  brought  Into  the  depot  for 
testing  It  Is  exercised  by  this  engineered  Input,  the  output  1$  measured 
and  compared  with  those  In  the  fault  dictionary.  If  the  measured  output 
matches  one  of  the  fault  signatures  the  job  Is  done.  If  no  match  Is  found  the 


procedure  yields  no  information  about  the  location  of  the  fault.  Further, 
as  systems  get  larger  the  number  of  allowable  faults  increase,  the  length 
of  the  test  input  increases,  the  more  time  it  takes  to  engineer  an  appro¬ 
priate  input,  the  length  of  the  fault  signatures  that  must  be  stored  in¬ 
crease  and  the  time  to  search  this  extensive  data  base  as  well  as  the  space 
required  to  store  It  become  prohibitive.  The  reason  for  these  problems 
(other  than  the  size  of  the  circuits)  is  the  basic  inflexibility  of  the 
test  procedure.  The  entire  technique  Is  designed  a  priori  and  hence  uses 
the  measured  test  data  In  a  very  superficial  manner. 

The  purpose  of  this  research  effort  Is  to  develop  a  fault  Isolation 
procedure  that  will  be  more  flexible  and  thereby,  It  Is  hoped,  yield  some 
Information  all  of  the  time.  Once  flexibility  Is  raised  to  the  level  of  a 
design  objective  It  Is  natural  to  phrase  the  problem  In  terms  of  the  most 
flexible  of  man's  Intellectual  constructs.  Artificial  Intelligence  (AI). 
The  discussion  In  the  previous  paragraph,  however,  indicate  that  a  whole 
new  approach  to  data  gathering  Is  necessary  before  AI  techniques  can  be 
applied.  On  the  other  hand,  existing  applications  of  AI  to  fault  Isolation 
(e.g.  medical,  nuclear  reactor  systems),  rely  on  a  small  num¬ 
ber  (<5,000)  of  "IF-THEN"  rules  that  are  obtained  from  experienced  field 
engineers.  As  the  first  paragraph  mentioned,  electronics  as  a  whole  Is 
progressing  far  to  rapidly  to  allow  ourselves  the  luxury  of  developing 
human  experts.  We  must  rely  on  the  mathematical  description  of  our  cir¬ 
cuits  for  fault  Information.  Hence,  the  application  of  AI  to  avionic  fault 
isolation  Is  nontrivial  and  cannot  be  achieved  by  simply  borrowing  the 
techniques  of  other  fields. 


Because  of  the  extreme  complexity  of  todays  digital  circuitry  the 
fault  Isolation  problem  Is  taking  on  many  of  the  attributes  of  the  analog 


fault  isolation  problems,  l.e.,  fault  dictionaries  are  practically,  if  npt 
truly,  infinite.  Also  as  the  circuit  size  increases  the  "single  fault" 
assumption  becomes  more  and  more  academic.  Once  multiple  faults  and  even 
intermittent  faults  are  targets  for  isolation  the  size  of  the  fault  dic¬ 
tionary  becomes  truly  infinite. 

Techniques  that  can  be  applied  to  both  analog  and  digital  circuits 
should  be  highly  prized  because  most  circuits  have  some  sort  of  power 
supply  that  acts  as  the  Interface  between  the  two  worlds.  Also  the  truly 
hybrid  circuits  currently  in  use  are  on  the  most  expensive  printed  circuit 
boards  ($5,000  each). 

It  Is  the  author's  opinion  that  AI  techniques  can  only  be  applied  to 
avionic  fault  Isolation  within  the  context  of  a  given  fault  Isolation 
technique.  Given  the  Inflexibility  of  the  current  technique  the  first 
order  of  business  is  to  develop  a  new  way  to  isolate  faults  In  digital 
circuits.  Section  three  discusses  one  such  new  procedure  that:  a)  uses 
a  very  compact  fault  dictionary  (compact  In  the  sense  of  the  number  of 
entries  as  well  as  the  size  of  each  entry),  b)  can  yield  fault  Isolation 
information  even  when  a  match  is  not  found,  c)  can  use  Inputs  other  than 
the  one  that  produced  the  fault  dictionary  to  aid  In  th'  fault  Isolation 
process,  d)  can  be  used  within  an  "expert"  system,  and,  e)  Is  related  to  an 
analog  fault  Isolation  procedure  which  should  allow  for  the  treatment  of 
hybrid  boards. 


II.  OBJECTIVES: 

The  objectives  of  this  project  are  twofold.  First,  a  fault  diagnosis 
procedure  that  is  Inherently  flexible  was  sought.  Second,  ways  to  inte¬ 
grate  Artificial  Intelligence  into  this  fault  diagnosis  procedure  were  to 
be  investigated.  Only  the  first  has  been  accomplished.  Comments  regarding 

the  second  can  be  found  In  the  section  on  recommendations. 

To  obtain  a  flexible  procedure,  the  a  priori  simulation-before-test 

approach  was  abandoned.  A  simulation-after-test  procedure  that  was  devel- 

2 

oped  for  analog  circuits  was  chosen  as  a  likely  starting  point.  The  first 
goal  was  to  develop  a  computer  program  that  would  1)  simulate  a  digital 
circuit,  2)  allow  for  the  insertion  of  faults,  and  3)  compare  the  expected 
output  (from  the  unfaulted  circuit)  to  the  test  output  (from  the  faulted 
circuit). 

In  order  to  guarantee  maximum  flexibility  many  Inputs  must  be  allowed. 
This  led  to  choosing  a  technique  for  generating  these  Inputs  based  on 
maximal  sequences  from  linear  shift  registers3*  4  (these  are  described 
later). 

Such  a  program  was  developed  for  two  sample  circuits.  The  procedure's 
ability  to  discriminate  between  faults  was  investigated.  Based  on  this 
experience  It  was  decided  that  a  small  fault  dictionary  could  be  very 
useful  In  the  early  steps.  So  the  next  goal  was  to  decide  on  a  fault 
dictionary  that  would  have  minimal  storage  requirements  and  (Instead  of 
being  exhaustive)  that  would  direct  the  program  toward  the  fault.  Tech¬ 
niques  for  building  such  a  dictionary  need  to  be  investigated. 


Now  that  a  fault  Isolation  procedure  has  been  "tailored”  to  AI  it  is 
necessary  to  tailor  AI  to  this  procedure.  This  can  be  done  in  several 
ways.  First,  if  the  fault  Is  not  In  the  dictionary  then  making  inferences 
based  on  a  comparison  of  the  measured  fault  syndrome  to  the  fault  signa¬ 
tures  should  narrow  the  ambiguity  set.  Once  the  ambiguity  set  Is  narrowed 
use  of  the  history  of  the  device  along  with  reliability  Information  about 
the  still  suspect  components  can  be  used  to  prioritize  a  search.  AI 
techniques  can  then  be  used  to  "engineer’'  an  Input  that  will  test  a  certain 
suspect  component. 
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III.  A  FAULT  DETECTION  PROCEDURE 


The  fault  detection  nrocedure  used  Is  a  variation  of  one  due  to  Wu  et 

al  (2).  It  has  much  more  fault  isolation  capability  than  some  other 

techniques  because  It  uses  the  test  data  in  a  more  sophisticated  manner. 

It  is  based  on  a  description  of  the  UUT  in  terms  of  the  component  connec- 
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tion  model.  The  component  connection  model  for  a  UUT  consists  of  two 
parts. 

The  first  part  consists  of  the  component  equations 

b1  •  f ^ («| )  1  •  1,  ...n  (la) 

or 


b  -  f(a)  (1b) 

where  a^,  bj  and  fj  are  the  input  vector  sequence,  output  vector  sequence 
and  functional  description  of  machine  1  and  b  »  col  (b^a  *  col  (a^)  and  f 
are  defined  by 
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The  second  part  consists  of  the  connection  equations  which  are 
*  *  L11b  *  L12u  (*•> 


y  ■  t2ib  *  L22u  (2b) 

where  u  and  y  are  the  system  input  and  output  vector  sequences  and  the  l ^ 
are  matrices  of  zeros  and  ones  that  describe  the  Interconnection  structure 
of  the  system. 


A  test  is  defined  to  be  the  application  of  an  input  u  and  the  measure¬ 


ment  of  the  resulting  output  y.  Now,  if  u  and  y  are  both  known  (l.e.  measured] 
they  can  be  used  as  inputs  to  the  fault  Isolation  procedure,  and  it  stands  to 
reason  that  they  should  be  processed  in  some  way  that  is  determined  by  the  UUT 
to  produce  information  concerning  the  location  of  the  faults. 

To  process  the  test  results  the  components  are  partitioned  into  two 
groups  (renumbering  the  components  where  necessary)  so  that  the  CCM  can  be 
rewritten  In  expanded  from  as 

b1  -  fV).  b2  •  ^(a2)  (3a) 

-  ’  L1li1  ♦  l]2  b2  +  Lj2  u  (3b) 

a1  •  l2]  b1  ♦  l]2  b2  +  u  (3c) 


where  the  _  emphasizes  that  these  variables  are  generated  during  a  test. 
Equation  (3b)  can  now  be  solved  for  b  (provided  ^  has  a  left  inverse  (and 
this  Is  a  precondition  on  the  eholce  of  the  partition)  and  this  b  sub¬ 
stituted  In  (3b)  and  (3c)  to  yield.  (See  figure  1) 

•'  •  *„>'  *  «„[»1 


i*  *  St'  *  Mi 


which  together  with  bj  ■  f  ^ (a) )  form  the  CCM  fpr  a  “pseudo  circuit*  with 
Input  col(u,  £)  and  output  eolfa*.  b*).  This  measured  b*  can  now  be  com¬ 
pared  with  the  expected  outputs  obtained  from  b*  *  **(•*). 
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Advantages  of  this  procedure  include: 

(1)  The  ability  to  handle  several  input 

(2)  The  ability  to  tailor  an  input  to  a  suspected  fault; 

(3)  The  ability  to  further  verify  your  conclusion  as  to  which  component 

is  faulty; 

(4)  A  relatively  small  data  base 

(5)  The  ability  to  find  fualts  that  do  not  have  prestored  signatures; 

(6)  There  is  no  need  to  pre-engineer  the  input. 

Before  continuing  it  is  appropriate  to  make  a  comment  about  the  differences 

between  this  procedure  applied  to  digital  circuits  and  it  applied  to  analog 

circuits.  For  analog  circuits  there  are  usually  many  partitions  that  yield 
2 

loft  invertible  *s.  This  is  because  the  outputs  of  several  devices  are 
added  together  before  they  are  fed  into  another  device.  Such  linear  “fan  in" 
situations  are  not  as  common  in  digital  circuits. 


IV.  Generating  Inputs 

The  procedure  described  above  is  capable  of  using  arbitrary  inputs. 

In  fact  the  procedure  is  capable  of  using  field  inputs  therefore  we  felt 
it  unwise  to  "design"  an  input  for  the  test.  To  obtain  an  input  thct  is 
independent  of  the  fault  we  were  searching  for,  we  used  a  sequence  that 
was  generated  by  a  linear  sequential  shift  register  with  feedback.  These 
sequential  machines  are  shown  in  Figure  2. 

Each  of  the  n  registers  initially  contains  a  1.  At  each  clock  change 
the  contents  of  register  1  >2  is  replaced  by  the  contents  of  register  1-1. 

The  contents  of  register  1  is  replaced  by  the  binary  sum  of  registers  n 
and  j.  By  judicious  choice  of  j  and  n  you  can  obtain  a  sequence  of  length  2n-l 
that  contains  no  repeating  subsequences.  Such  sequences  are  called 
maximal.  The  generation  of  maximal  sequences  for  a  given  n  sometimes 
requires  feedback  from  multiple  registers. 

It  Is  reasonable  to  separate  the  inputs  Into  two  types-data  and 
instruction.  The  Instruction  Inputs  should  mimic,  at  least  statistically, 
the  actual  operating  conditions.  To  be  resonable  we  cycled  through  the 
different  Instructions,  switching  Instructions  every  ten  clock  cycles. 

We  also  ran  the  program  when  the  Instructions  were  selected  "randomly" 
by  the  maximal  shift  register  sequence. 

It  Is  Important  to  note  that  If  the  sequence  b2-^2  -  d  -  0  then  no  f*ult 
has  been  detected.  If  the  Input  can  be  "engineered"  then  It  Is  possible 
to  choose  an  Input  that  will  detect  any  fault  (except  In  pathological  cases). 
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V._  Fault  Signatures 

A  significant  problem  is  finding  short  signatures  that  can  give  direc¬ 
tion  in  further  fault  isolation.  The  goal  is  not  to  uniquely  Isolate  the 
fault  based  on  its  signature,  but  rather,  to  limit  the  number  of  faults 
that  must  be  further  investigated. 

This  fault  isolation  procedure  can  be  implemented  in  two  extremely 
different  ways  or  in  any  compromise  between  the  extremes.  It  can  be  used 
to  e  struct  a  very  efficient  fault  dictionary  and  thereby  yield  a  know¬ 
ledgeable,  but  dumb,  procedure.  On  the  other  hand  it  can  be  Implemented  in 
such  a  way  as  to  use  no  fault  dictionary  and  thereby  yield  an  Ignorant,  but 
intelligent,  procedure.  The  second  procedure  Is  the  one  sought  but  the 
first  is  more  completely  developed. 

For  the  sample  circuit  that  is  a  modified  Am  2914  chip  it  was  possible  to 
construct  a  fault  dictionary  that  consisted  of  85  vectors  each  with 
eight  components  that  Isolated  the  fault  to  ambiguity  sets  of  at  most  3 
machines.  This  was  with  an  input  that  cycled  through  the  instruction  set 
(each  instruction  "on"  for  10  clock  cycles),  but  otherwise  left  the  input 
unengineered.  The  ambiguities  that  remained  could  be  removed  by  a  few 
further  simulations  with  different  inputs  (at  most  11  additional  simulations). 

The  intelligent  procedure  would  keep  track  of  the  discrepancies  for  a 
certain  number  of  clock  cycles  after  the  first  discrepancy  is  noted.  The 
fault  syndrome  would  look  like  (again  for  the  modified  Am  2914) 

(cn.  C12,  C21,  C22,  C31,  Cjj,  c41>  C42) 
where  notes  the  clock  cycle  of  the  first  discrepancy  for  machine  1  and 
Cj2  notes  the  clock  cycle  of  the  second  discrepancy  for  machine  1.  To 
determine  where  a  fault  occurred  it  is  necessary  to  note  that  a  discrepancy 
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in  machine  i  could  occur  because  machine  i  contains  the  fault  or  because  a 


machine  "upstream"  of  machine  i  contains  the  fault.  This  observation  along 
with  the  fact  that  the  procedure  uses  measured  outputs  as  Inputs  leads  to 
two  rules  for  the  construction  of  an  ambiguity  set. 

Rule  1:  All  machines  "upstream"  from  any  machine  that  shows  a  discre¬ 
pancy  Is  in  the  ambiguity  set.  This  "upstream  chain"  is  broken  at  any 
measured  output* 

Rule  2:  All  machines  that  show  no  discrepancies  are,  in  fact,  good. 

To  prlortize  further  simulations  those  machines  that  are  upstream  from 
2  or  more  output  machines  that  have  shown  discrepancies  are  more  suspect 
than  others.  Reliability  information  and  maintenance  history  can  be  used 
to  further  prioritize  the  order  of  further  simulations.  These  further 
simulations  can  be  carried  out  under  any  number  of  single  or  multiple  fault 
assumptions. 

Since  this  Intelligent,  but  Ignorant,  procedure  uses  no  fault  diction¬ 
ary  It  can  be  Implemented  in  Built-in-Test  Equipment  (BITE)  to  work  on  in¬ 
flight  data.  The  processing  may  take  longer  than  Is  customary,  but  It  does 
not  require  taking  the  UUT  "off  line"  for  periodic  checks. 

For  depot  Implements  1  ton  a  judicious  mixture  or  compromise  between  the 
two  approaches  Is  obviously  the  preferred  approach. 

As  an  example  of  this  procedure  without  any  fault  dictionary,  consider 
the  fault  syndrome  (0,  0,  30,  70,  70,  270,  0,  0).  This  Indicates  that  the 
outputs  from  machines  10  and  9  were  always  the  expected  outputs,  whereas 
the  outputs  from  Machines  8  and  6  differed  from  expectations  (between  the 
31st  and  30th  and  again  between  61st  and  70th  clock  cycle  for  machine  8  and 
between  the  61st  and  70th  and  again  between  the  261st  and  270th  for  machine 
6).  If  we  make  the  working  assumption  that  only  one  machine  Is  faulted, 
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then  the  fult  must  lie  upstream  from  both  machine  6  and  8.  Further,  under 


the  single  faulted  machine  hypothesis,  machines  6,  8,  9  and  10  are  assured 


to  be  good.  Finally,  since  the  first  discrepancy  occurred  relatively  early 


(between  clock  cycle  21  and  30)  it  should  be  physically  close  to  machine  8. 


Without  additional  information  this  syndrome  indicates  that  simulations 


should  be  done  in  the  following  order  -  first  machine  3  then  either  4  or  5 


followed  by  7  then  11  or  2  and  finally  1.  This  syndrome  was  produced  by  the 


first  input  of  machine  3  stuck  at  0. 


Problems  occur  wUh  this  procedure  when  a  gate  is  stuck  at  the  value 


that  it  almost  always  assumes.  In  these  situations  the  discrepancies  can 


show  up  in  very  late  clock  cycles  but  be  caused  by  a  physically  close 


fault.  In  a  depot  situation  these  anamolies  could  be  taken  care  of  by 


a  very  small  dictionary  in  which  signatures  of  only  these  exceptions  are 


stored. 
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A  fault  isolation  procedure  for  digital  circuit  has  been  developed  that 
is  not  totally  dependent  on  a  fault  dictionary.  The  procedure  can  be 
integrated  within  an  "expert",  "knowledge  based"  or  "intelligent"  fault 
diagnosis  procedure  because  of  its  inherent  flexibility.  It  can  also  be 
Incorporated  Into  a  built-in-test  environment  because  it  can  analyze  in¬ 
flight  data  as  easily  as  depot  generated  data*  Because  of  the 
flexibility  of  the  procedure  it  can  tailored  to  different  capacity  computers 
hence  the  same  basic  procedure  can  be  used  by  many  installations  resulting 
in  overhead  economies. 

Another  important  fact  is  that  once  a  component  is  declared  faculty 
it  is  possible,  because  of  the  built  in  capacity  to  simulate  the  UUT,  to 
verify  that  it  was  indeed  the  culprit. 

Finally,  any  truly  useful  diagnostic  tool  should  be  easily  transported 
not  only  from  base  to  base  but  from  plane  to  plane  on  the  flight  line. 

This  requires  a  relatively  small  and  powerful  computer.  When  comparing 
different  tools  preference  should  be  given  to  the  one  which  Is  physically 
smaller. 


VII.  Recommendations, 

Several  areas  still  need  to  investigated.  These  include: 

1.  Precisely  how  this  procedure  can  be  integrated  with  artificial 
Intelligence  techniques; 

2.  What  are  the  best  fault  signatures  to  minimize  storage  require¬ 
ments  and  maximize  information? 

3.  Can  "statistical"  signatures  be  developed  for  use  on  In-flight 
data?  By  this  I  mean.  Is  it  possible  to  construct  a  signature  based  on  a 
Monte-Carlo  simulation  of  outputs  due  to  different  Inputs  for  a  given  fault 
that  will  help  In  analyzing  data  obtained  from  BITE? 

4.  Can  this  procedure  be  Implemented  on  a  microprocessor  for 
realistic  systems? 
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ABSTRACT 


ORGANIC  REACTIONS  IN  ROOM  TEMPERATURE  CHLOROALUMINATE  MOLTEN  SALTS 

Albert  L«  Peyton 
Hampton  Institute 

Mixturea  of  some  organic  chloride  salts  and  aluminum  chloride  form  new 
salts  that  are  liquid  below  room  temperature*  The  mixture  of  1-methyl- 
3-ethylimidasolium  chloride  (MeEtlmCl)  and  aluminum  chloride  (AICI3)  id  one 
such  ionic  liquid*  It  is  liquid  substantially  below  room  temperature,  has 
good  thermal  stability  at  high  temperature,  has  a  low  vapor  pressure,  and 
dissolves  both  organic  and  inorganic  compounds*  Earlier  work  at  the  Frank  J. 
Seiler  Research  Laboratory  showed  that  some  of  the  MeEtlm  chloroaluminate 
melts  promoted  Frieda 1-Crafts  reactions.  The  Lewis  acidity  of  the  melts  pre¬ 
sumably  catalysed  the  formation  of  reactive  alkylating  and  acylating  intermed¬ 
iates,  which  resulted  in  high  yields  of  alky land  acyl-substituted  aromatic 
compounds*  In  this  project  the  scope  and  optimimum  conditions  for  Friedel- 
Crafts  reactions  in  the  MeEtlm  chloroaluminate  melts  were  examined*  Also,  the 
utility  of  the  reactions  was  tested  by  preparing  polyalkylated  aromatic  com¬ 
pounds  with  large  alkyl  substituents,  which  may  have  some  use  as  synthetic 
lubricants  or  hydraulic  fluids* 

The  optimisation  of  reaction  conditions  involved  a  study  of  the  effect  of 
temperature,  reactant  composition,  reaction  time  and  melt  compostion  on  the 
rate  of  reaction,  distribution  of  products  and  yields  of  desired  products* 
Briefly,  the  best  results  were  obtained  by  running  the  reactions  at  low  tem¬ 
perature  for  longer  times  to  reduce  side  products.  The  rate  of  reaction  could 
also  be  controlled  by  adjusting  the  proportion  of  AICI3  in  the  melt,  as  long 
as  the  AICI3  was  in  excess  over  the  MeEtlm*  An  example  of  a  large  alkyl 
polysubstuted  bensene  was  synthesised  by  acylating  benzene  with  octanoyl 
chloride  followed  by  Wolf-Kishner  reduction  of  the  cs;bonyl*  This  monosubsti- 
tuted  product  was  used  as  the  starting  material  for  ti*o  subsequent  acylations 
and  reductions,  resulting  in  a  1,2,4-substituted  product*  The  physical  prop¬ 
erties  of  the  product  were  not  examined  due  to  time  limitations. 
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I.  INTRODUCTION: 

Intersecting  laser  and  particle  beams  will  resonantly  Interact  when  the 
radiation  frequency,  as  "seen"  by  the  moving  particles,  matches  a  transi¬ 
tion  frequency,  V. ,  characteristic  of  the  particle.  When  this  resonant 
condition  occurs,  the  particles  will  absorb  radiation  from  the  laser 
field.  The  Doppler  equation  relates  the  frequency  of  the  laser  radiation, 
as  seen  in  the  particle  frame, v,>  to  the  actual  frequency  of  the  laser 
radiation,  as  seen  in  the  laboratory  frame, V  ; 

V'  s  V  T(|~f8 Cn0J  W 

where  9  is  the  angle  between  the  intersecting  laser  and  particle  beams, 
as  measured  in  the  laboratory  frame,  p  (  =  v&Jis  related  to  the  speed, 
of  the  beam  particles  and  V  *  (I—  (***)”*-  is  the  usual  relativistic 
factor.  In  the  laboratory  frame,  the  resonance  condition  can  therefore 
be  stated  as: 

y  =  ft) 

If  the  particle  beam  was  monoenergetlc  and  the  particle  and  laser  beams 
were  perfectly  unidirectional  the  resonance  would  occur  at  a  single 
laser  frequency  since  there  is  only  one  velocity  class  of  particles. 

In  reality,  of  course,  the  particle  beam  suffers  some  energy  dispersion  and 
both  beams  diverge.  This  Implies  that  there  are  spreads  in  the  quantities 
fUnd  9  and  so  a  resonance  can  be  tuned  over  a  finite  range  of  frequencies 
since  the  laser  can  resonate  with  different  particles  at  different  frequencies. 
Doppler  tuning  usually  refers  to  changing  the  frequency  of  the  laser, 
as  seen  by  the  particles,  by  varying  either  the  particle  beam  speed,  p  , 
or  the  angular  seperatlon  of  the  two  beams,  9  .  In  this  report  we  are 
Interested  In  the  change  In  the  strength  of  a  signal  used  to  monitor  the 
amount  of  absorption  as  a  function  of  angle-detuning  of  a  resonance  from  Its 
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maximum. 


Rohringer1  pointed  out  that  a  crossed  laser-particle  beam  arrangement 
such  as  that  just  described  could  be  used  to  detect  small  changes  in  the 
angular  separation  of  the  two  beams  or,  alternatively,  to  sense  small 
changes  in  the  direction  of  a  particle  beam  relative  to  a  reference 
direction  established  by  a  laser  beam  axis.  When  the  angular  separation 
of  the  two  beams  is  changed  slightly  from  the  angle  which  satisfies  the 
maximum  resonance  condition  for  a  given  beam  energy  and  fixed  laboratory 
frame  laser  frequency,  the  corresponding  detuning  of  the  absorption  resonance 
In  the  particle  frame  is  signatured  by  a  decrease  In  a  laboratory  frame 
signal  used  to  monitor  the  amount  of  radiation  absorbed  by  the  particles. 

This  change  in  monitor  signal  could,  of  course,  be  used  as  an  error  signal 
In  a  feedback  loop  designed  to  correct  the  small  angular  excursion.  The 
sensitivity  of  this  particle  beam  direction-sensing  method  depends  rather 
critically  on  the  width  of  the  resonance  signal  as  well  as  the  slgnal-to- 
nolse  ratio  of  the  monitor  signal.  Rohringer  showed  that  the  resonance 
could  be  narrowed  considerably  If  the  angle  between  the  two  Intersecting 
beams  at  resonance  could  be  maintained  at  the  laboratory  frame  angle, 

This  "magic"  angle  corresponds,  In  the  particle  frame,  to  the  perpendicular 
Irradiation  of  the  particles  leading  to  the  elimination  of  a  significant 
part  of  the  first-order  Doppler  broadening  contribution  to  the  resonance 
width.  Under  this  condition  the  resonance  llnewldth  Is  determined  primarily 
by  the  combined  divergences  of  both  the  particle  and  laser  beams. 

The  particle  beam  direction-sensing  technique  proposed  by  Rohringer  has 
been  further  developed  by  TASC2.  This  group  has  proposed  to  use  a  neutral 
particle  beam  consisting  of  metastable  hydrogen  atoms  In  the  2$  state 
which  will  resonantly  absorb  photons  on  the  2S-3P  transition  when  they 


pass  through  a  laser  field  tuned  to  the  appropriate  frequency.  The 
resonant  absorption  process  is  to  be  monitored  in  the  laboratory  frame 
by  studying  the  strength  of  the  Ly^  fluorescence  signal  i.e.  radiation 
spontaneously  emitted  on  the  3P-1S  transition.  Since  the  laser  radiation 
is  first  absorbed  and  later  remitted  in  this  technique  it  is  often  referred 
to  as  the  resonant  scattering  of  laser  radiation  by  metastable  H-atoms. 
Figure  1  Is  a  particle  energy  level  diagram  for  the  H-atom  showing  the 
relevant  absorption  and  emission  lines. 

II.  OBJECTIVES 

The  project  Involved  a  theoretical  study  of  a  method  used  to  sense 
small  changes  In  the  direction  of  a  beam  of  fast-moving  particles.  The 
method,  which  has  been  outlined  In  Section  I,  Is  based  on  monitoring,  In 
the  laboratory  frame,  a  resonant  absorption  Interaction  between  Intersecting 
laser  and  particle  beams.  Changes  In  the  monitor  signal  reflect  changes  In 
the  angular  separation  of  the  two  beams  If  the  particle  velocity  and  the 
laser  frequency  in  the  laboratory  frame  remain  constant. 

The  principal  objectives  of  this  project  were: 

(1)  To  analyze  the  possible  homogeneous  and  Inhomogeneous  broadening 
mechanisms  that  could  contribute  to  the  llnewldth  of  the  signal 
used  to  monitor  the  absorption  resonance  between  the  Intersecting 
laser  and  particle  beams. 

(2)  To  make  a  critical  analysis  of  the  version  of  the  particle  beam 
direction-sensing  method  proposed  by  TASC.  The  proposal  Involves  the 
use  of  a  hydrogen  atom  beam  prepared  In  the  metastable  2S  state. 
Resonant  absorption  occurs  on  the  2S-3P  transition  and  fluorescence 
monitoring  of  this  resonance  Is  done  on  the  3P-1S  transition.  This 
analysis  Involved  pointing  out  potential  problems,  making  suggestions 


for  possible  Improvements  where  appropriate,  and  further  developing 
some  areas  of  the  proposal. 

(3)  To  propose  alternative  schemes  for  monitoring  the  resonant  absorption 
Interaction  between  intersecting  laser  and  particle  beams. 

All  of  these  objectives  are  consistent  with  the  overall  objective  of 
designing  a  future  experiment  to  test  the  principles  behind  the  particle 
beam  direction-sensing  method  and  to  experimentally  Investigate  the  para¬ 
meters  which  most  critically  determine  the  sensitivity  of  the  method. 
Throughout  the  report  mention  Is  made  of  design  parameters  for  this 
experiment. 

HI.  CONTRIBUTIONS  TO  THE  RESONANCE  WIDTH 

In  this  section  a  study  Is  made  of  the  mechanisms  that  contribute  to  the 
width  of  the  resonance  signal  used  to  monitor  the  amount  of  absorption  of 
laser  radiation  by  the  moving  beam  particles.  This  quantity  Is  of  con¬ 
siderable  Interest  since  the  sensitivity  of  the  method  of  sensing  such 
changes  In  the  direction  of  a  particle  beam  with  respect  to  an  Intersecting 
laser  beam  depends  rather  critically  on  how  wide  the  resonance  Is.  Clearly, 
the  narrower  the  resonance,  the  larger  the  change  In  the  detected  signal 
corresponding  to  a  small  change  In  the  angular  separation  of  the  beams. 

Let  us  begin  by  considering  how  a  single  beam  particle  Interacts  with 
laser  radiation.  Resonant  absorption  will  occur  when  the  frequency  of  the 
laser  radiation,  as  seen  In  the  particle  frame,  matches  some  transition 
frequency,  V©  ,  characteristic  of  the  particle.  As  a  result  of  the  finite 
lifetimes  of  the  upper  and  lower  levels  of  the  transition  there  will  be 
exist  of  small  spread,  Sy*  ,  about  V»  over  which  the  particle  can  absorb 
laser  radiation.  This  particle  transition  frequency  llnewldth  Is  the 
result  of  the  fact  that  the  particle  only  Interacts  with  the  laser  field 
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for  a  finite  amount  of  time  leading  to  a  uncertainty  in  the  energies 
of  the  levels  of  the  transition.  In  addition,  other  processes  which 
limit  the  interaction  time  between  the  particle  and  the  laser  radiation 
will  contribute  to  this  type  of  line  broadening  which  is  called  homo¬ 
geneous  line  broadening  since  It  is  essentially  the  same  for  all  particles 
independent  of  their  velocity  class.  Homogeneously- broadened  line  profiles 
are  Lorentzian  in  shape.  From  the  particle  frame  it  would  appear  that  the 
laser  output  is  spread  over  a  range  of  frequencies  determined  by  the  duration 
of  the  interaction.  Such  broadening  could,  for  example,  arise  when  one  uses 
a  pulsed  laser  Instead  of  a  CW  laser.  It  is  more  likely,  however,  that  In 
the  crossed-beam  arrangement  used  In  the  beam  direction-sensing  method  the 
dominant  homogeneous  broadening  mechanism  will  be  due  to  the  transit  time 
of  the  fast-moving  beam  particles  through  the  finite  length  laser  field. 

This  process  Is  called  transit-time  broadening.  In  the  proposed  experiment 
care  should  be  taken  that  the  transit  time  Is  large  enough  so  as  not  to 
cause  the  homogeneous  broadening  to  dominate  the  overall  linewldth  of 
the  monitor  signal.  It  Is  assuned  that  power  broadening  of  the  resonance 
due  to  strong  laser  fields  can  be  rendered  negllble  In  the  proposed  experiment. 

Up  until  now  we  have  considered  a  single  particle  Interacting  with  a 
radiation  field.  This  lead  to  several  possible  homogeneous  broadening 
mechanisms.  We  now  wish  to  extend  the  analysis  to  Include  the  whole 
ensemble  of  particles  making  up  the  particle  beam.  In  the  Ideal  case  of 
the  particle  beam  being  monoenergetlc  and  unidirectional  and  the  laser 
beam  also  being  unidirectional,  all  the  particles  would  resonate  at  the 
same  laser  frequency  In  the  laboratory  frame.  This  Is  because  both  the 
longitudinal  component  of  the  particle  velocity,  £  ,  and  the  angle  between 
the  direction  of  motion  of  a  particle  and  the  propagation  direction  of 


the  photons  of  the  laser  field, 3  ,  would  be  the  same  for  all  particles  I.e. 
only  one  class  of  velocities  exist.  The  width  of  the  resonance  associated 
with  the  whole  ensemble  of  particles  would  then  be  the  same  as  for  a  single 
particle  I.e.,  the  resonance  will  be  homogeneously  broadened.  Unfortunately, 
in  a  real  situation,  the  beam  particles  will  exhibit  some  energy  dispersion 
which  leads  to  a  6auss1an-d1$tr1buted  spread  £/s  In  js  about  some  mean 
value  js  determined  by  the  nominal  beam  energy.  In  addition,  both  the  laser 
and  particle  beams  will  have  some  finite  divergence  leading  to  a  Gaussian- 
distributed  spread,  $9  ,  in  the  angle  between  Interacting  particles  and 
photons  about  a  mean  value,  S  ,  determined  by  the  angle  between  the  particle 
and  laser  beam  axes.  The  angular  spread,  £9 ,  Is  the  quadrature  sun  of 
Individual  dispersions  In  both  the  particle  and  laser  beam  directions. 

We  can  think  of  the  whole  ensemble  of  beam  particles  as  being  divided  Into 
a  large  number  of  different  velocity  subgroups  each  of  which  Is  homogeneously 
broadened.  When  the  laser  Is  tuned  It  will  resonate  with  the  particles 
In  the  different  velocity  subgroups  at  different  resonance  frequencies. 

The  width  of  the  resonance  signal  is  now  determined  by  the  range  of  these 
dlfferenct  resonance  frequencies  or  equivalently  the  spreads  In  ft  and  9  . 
This  type  of  line  broadening  Is  called  Doppler  broadening  and  It  Is  an 
example  of  the  more  general  broadening  termed  Inhomogeneous  broadening. 

If  the  homogeneous  widths  are  kept  small,  the  resonance  signal  llnewldth 
will  essentially  be  determined  by  the  Doppler  broadening.  Inhomogeneously 
broadened  line  profiles  are  Gaussian  In  shape.  In  the  proposed  experi¬ 
ment  care  must  be  taken  to  minimize  beam  divergences  and  the  particle 
beam  energy  dispersion  In  order  to  reduce  Doppler  broadening  of  the 
resonance  signal. 
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We  will  now  investigate  how  the  spreads  S/3  and  effect  the  width  of 
the  resonance  signal  used  to  monitor  the  absorption  process  in  the  laboratory 
frame.  To  understand  better  the  relative  magnitudes  of  the  first-order 
contributions  to  Doppler  broadening  of  the  monitor  signal  brought  about 
by  spreads  in  /3  and  Q  ,  we  expand,  in  a  Taylor  series,  the  expression 
for  the  laser  frequency  in  the  laboratory  frame,  about  the  mean 

value  Thus  to  first-order  we  have: 

y(?.e)  -  V(£SJ  -4-  |2  |  _($-£>  G> 

The  first-order  dispersion  coefficients  can  be  expressed  in  terms  of  the 
resonant  transition  frequency,  V*  ,  as: 


Equation  (4)  shows  that  when  Cm  6  -  jk  the  first-order  contribution 
In  fi-fis-  $/$  vanishes,  l.e.  at  this  laboratory-frame  angle,  which  we 
shall  call  the  "magic"  angle,  we  become  immune  to  the  energy  dispersion  of 
the  beam  particles  to  first-order  and  the  Doppler  broadening  of  the  resonance 
signal  Is  significantly  reduced.  Physically,  this  laboratory  frame  angle 
corresponds  to  the  perpendicular  Irradiation  of  particles  in  the  most 
populated  5.,  6  velocity  subgroup  In  the  particle  frame.  Thus,  In  the 
particle  frame,  a  considerable  amount  of  the  first-order  Doppler  broadening 
Is  eliminated.  Figure  2  Illustrates  how  the  Hmag1cM  angle  varies  with 
particle  beam  energy.  The  question  arises  as  to  what  happens  to  the 
resonance  width  If  we  are  detuned  slightly  from  the  Hmagic“  angle. 

Figure  3  shows  that  the  first-order  contribution  In  Sfi  to  the  Doppler 
broadening  of  the  resonance  Increases  rather  dramatically  If  one  Is  detuned 


by  only  about  0.1°  from  the  "magic"  angle.  This  plot  Is  for  a  particle 
beam  energy  of  200  NeV  for  which  the  "magic"  angle  1$  55*53°.  Thus  If 
the  mean  angular  separation  of  the  laser  and  particle  beam  axes  Is  not 
maintained  to  within  a  few  hundred  microradians  of  the  "magic"  angle, 
the  resonance  signal  will  broaden  rapidly  and  soon  disappear  under  the 
noise  level  (assuming  the  area  under  the  resonance  peak  stays  constant). 
Figure  4  shows  that  for  very  small  angular  excursions  from  the  "magic" 
angle,  the  broadening  due  to  the  energy  dispersion  In  the  particle  beam 
Is  comparable  to  or  less  than  other  sources  of  broadening  such  as  the 
first-order  contribution  In  £g  ,  the  beam  divergences.  This  situation 
can  be  tolerated.  In  the  proposed  experiment  we  must  therefore  be  able 
to  set  to  high  precision,  and  maintain,  the  "magic"  angle  for  the  particular 
particle  beam  energy  to  within  about  0.01°.  At  the  "magic"  angle  first-order 
contributions  in  Sfi  disappear  and  second-order  contributions  In  Sp  can 
be  shown  to  be  negligibly  small  compared  with  other  sources  of  broadening. 

It  remains  to  consider  the  magnitude  of  the  first-order  term  In  In  the 
Taylor  expansion  l.e.: 

At  the  "magic"  angle  6  *  c mm,fi  this  reduces  to; 


where  So  *  t*Qr  *"  Is  the  quadrature  sun  of  the  spread  In  di¬ 

rections  of  particles  In  the  particle  beam  and  photons  In  the  laser  beam. 

At  the  "magic"  angle,  for  which  the  first-order  term  1  nfy  Is  eliminated, 
the  contribution  due  to  the  beam  divergences  (Equation  7)  Is  the  major  cause 
of  Doppler  broadening  of  the  resonance  signal.  Equation  7  shows  that 
typical  particle  beam  divergencies  of  about  a  mil  11  radian  would  produce 
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a  resonance  width  of  about  400  GHZ  at  a  beam  energy  of  200  MeV.  A 
resonance  this  wide  would  render  the  method  of  sensing  small  changes  In 
the  angular  separation  of  the  particle  and  laser  beams  very  Insensitive. 

Care  must  be  taken  In  the  proposed  experiment  to  reduce  both  the  particle 
beam  and  laser  beam  divergencies  to  well  below  the  mllllradlan  range. 

This,  of  course,  can  be  achieved  by  expanding  the  beams  or,  at  the  expense 
of  intensity,  collimating  them. 

IV.  MONITORING  THE  ABSORPTION  RESONANCE  WITH  Lv^  FLUORESCENCE 
Figure  5  is  a  schematic  of  the  essential  features  of  the  experimental 
arrangement  proposed  by  the  TASC  group  to  sense  changes  In  the  di¬ 
rection  of  a  H-atom  beam.  The  apparatus  can  be  broken  down  into 
three  spatially  separated  zones;  the  production  zone,  the  excitation 
zone  and  the  deexcitation  zone.  The  fluorescence  signal  per  laser 
pMlse,  S,  can  be  written  as; 

S  «  *  P(2S-3iy>.Pd3f>-isjicP1)M.  (* ) 

where  N(2S)  is  the  number  of  H-ato«s  In  the  metastable  2S  state  leaving 
the  charge-exchange  cell,  P(2S-3P)  Is  the  probability  an  atom  In  the 
2S  state  will  be  excited  to  the  3P  state  In  the  laser  field.  P(3P-IS) 
is  the  probability  that  the  excited  3P  state  will  deexcite  via 
fluorescence  to  the  IS  ground  state  In  deexcitation  zone  and  PMT.  is 
the  probability  that  a  Doppler- shifted  Ly^  photon,  emitted  in  the 
deexcitation  zone  will  be  collected  and  detected.  This  factor  involves 
the  probability  of  emission  at  a  particular  angle  in  the  laboratory  frmxe, 
the  solid  angle  of  the  collection  optics,  the  reflectivity  of  the  collection 
optics  and  the  efficiency  of  the  detector. 

in  the  production  zone  the  H-atom  beam  is  formed  by  charge-exchange  and 
prepared  in  the  metastable  2S  state.  This  will  probably  be  done  via  the 
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colli sional  detachment  process ; 

fT+X  - H  (is)  *-  X  +  e-  (3 ') 

where  X  signifies  a  gaseous  specie.  At  particle  beam  energies  in  the 
hundreds  of  MeV  one  cannot  expect  much  more  than  50%  of  the  H-beam  tc 
be  converted  to  H-atoms.  Most  of  these  atoms  will  be  in  the  ground  state. 

We  can  expect  somewhere  close  to  10%  of  them  to  be  in  the  2S  metastable 
state.  Once  produced  we  must  be  careful  that  stray  electric  or  magnetic 
fields  are  not  present.  Such  fields  could  quench  the  2S  state  by  mixing  it 
with  the  2P  states.  This  same  process  could  however  be  used  intentionally 
further  downstream  in  order  to  monitor  the  N  (2S)  as  a  function  of  time 
thus  allowing  us  to  normalize  to  any  fluctuations  in  the  particle  beam 
intensity.  Since  the  production  process  is  energy  unselective  we  can  also 
expect  the  higher-lying  states  of  the  H-atom  to  be  populated  also.  The 
probability  of  production  of  these  states  by  colli sional  detachment  should 

follow  a  n~3  scaling  rule3  leading  to  a  •+>  5%  contribution.  No  measurements 
seem  to  have  been  made  at  high  beam  energies.  Some  of  the  higher- lying  levels 

are  long-lived  and  if  they  are  populated  reasonably  strongly  they  could  cascade 

Into  the  3P  state  and  produce  a  noise  contribution  to  the  fluorescence  monitor 

signal  which  is  uncorrelated  with  the  laser  absorption.  The  nS  and  nD  states 

with  n  *  4  will  cascade  directly  into  the  3P  state  and  the  nS  states,  in 

particular,  are  long-lived.  For  example,  the  6S  state  has  a  lifetime  of  570  ns.  * 

which  is  more  than  a  hundred  times  longer  than  the  3P  state  lifetime. 

This  state  would  be  able  to  repopulate  the  3P  state  by  cascades  for  quite  some 

time  after  its  production  in  the  charge-exchange  cell.  Making  the 

separation  of  the  production  and  excitation  zones  large  would  help  to 

some  extent.  Indirect  cascading  from  even  longer-lived  Rydberg  states 

is  also  possible.  Fortunately,  cascading  into  the  3P  state  from  the 


highly  excited  and  exceptionally  long-live  "yrast"  states  with  1  =  n  -  1 
is  not  possible.  The  role  of  cascading  in  populating  the  3P  state  in 
the  beam  is  an  area  that  could  be  further  investigated.  It  would  be  useful 
to  have  data  on  the  probability  of  the  production  of  high-lying  Rydberg 
states  in  the  H-atom  following  colli  si onal  detachment  of  high  energy 
H  beams.  Branching  ratios  for  cascading  into  the  3P  state  are  readily 
available  in  the  case  of  the  H-atom. 

Selective  population  of  the  2$  state  by  photodetachment  would  clearly 
be  preferable  to  colli  si onal  detachment  and  would  eliminate  entirely 
the  possibility  of  cascading.  The  cross  section  for  photodetachment  of 
H“ producing  H  in  all  states  reaches  a  maximum  value  of  approximately 
4  x  10 ‘ 17  cm*  at  a  wavelength  of  830oA  in  the  particle  frame.  In  the 
laboratory  frame  this  wavelength  could  be  Doppler  shifted  using  angle¬ 
tuning  to  a  more  convenient  laser  wavelength,  for  example,  within  the 
bandwidth  of  a  powerful  laser  such  as  a  Nd1”:  YAG  laser.  No  measurements 
have  been  made  to  determine  the  cross  section  for  production  of  the  H- 
atom  in  the  2S  state  but  it  Is  suspected  that  this  cross  section  is  so 
small  that  when  combined  with  the  available  fluxes  of  the  particle  and 
laser  beams  it  would  fail  to  produce  a  significant  number  of  atoms  in 
the  2$  state.  The  cross  section  for  photodetachment  of  H~via  intermediate 
resonances  is  somewhat  higher11  and  it  is  conceivable  that  some  mechanism  which 
preferentially  populates  the  2S  state  of  H  could  be  found.  Both  the 
collisional  and  photodetachment  process  with  beams  are  highly  anisotropic 
production  mechanisms  and  so,  in  general,  one  could  expect  the  2S  state 
to  be  oriented  or  aligned.  Alignment  is  not  possible,  however,  for  a  state  with 

J  *  i  and  the  state  cannot  be  oriented  in  the  collisional  detachment  process 
due  to  the  cylindrical  symmetry  of  the  particle  beam. 


In  the  excitation  region  the  TASC  group  propose  to  photoexcite  atoms 
in  the  beam  from  the  2S. state  to  the  3P  state  using  a  pulsed  tunable 
laser.  The  mean  angle  between  the  laser  and  particle  beam  directions 
must  be  maintained  at  the  “magic"  angle  for  the  particular  beam  energy 
chosen.  Figure  6  shows  the  laboratory  frame  laser  wavelength  that  must 
be  used  so  that  it  is  Doppler-shifted  into  resonance  with  the  2S-3P 
(H*  )  transition  in  the  particle  frame.  For  example,  for  a  beam  energy  of 
200  MeV  the  output  wavelength  of  the  laser  should  be  5411A  which  is  just  on 
the  edge  of  the  useful  range  of  Rhodamine  dyes.  One  possible  pump 
laser  for  this  dye  might  be  a  copper  vapor  laser  which  has  two  discrete 

output  lines  at  5100A  and  5780S.  Plasma  Kinetics  make  a  model  which  has 
an  average  power  of  50W  at  SlOoA  with  a  repetition  rate  of  about  5KHZ. 

The  duty  cycle  of  2  x  10 is  poor  but  typical  of  pulsed  lasers.  Unless 
the  number  of  atoms  in  the  2S  state  is  kept  high  the  poor  duty  cycle  of 
a  pulsed  laser  source  will  mean  long  intergration  times.  It  would  be 
preferable  to  use  a  CW  laser  for  excitation  of  the  beam  particle  but  it 
would  be  very  difficult  to  match  the  peak  powers  available  with  pulsed 
sources.  The  time  structure  of  a  pulsed  laser  may,  however,  be  used  to 
advantage  in  discriminating  against  noise  which  is  uncorrelated  with  the 
laser.  It  will  probably  be  useful  to  expand  the  cylindrical -shaped  output 
beam  of  the  laser  to  reduce  divergence  and  then  use  a  sheet-shaped  portion 
(with  a  rectangular  cross-section)  so  that  all  the  beam  particles  traverse 
the  same  length  of  laser  field.  This  will  produce  uniform  transit-time 
broadening.  It  would  also  be  preferable  to  use  the  single  TEM«©  mode  so 
that  wavefronts  are  uniform. 

Consideration  should  be  given  to  how  the  shape  of  the  resonance  is  effected 
by  the  unresolved  hyperfine  structure  associated  with  each  fine-structure 
component  of  the  H*  line.  The  two  fine-structure  components,  which  are 


3.25GHZ  apart,  are  the  result  of  the  2%  -  2'P^  and  the  2*“S^  -  2‘P,^  transi¬ 
tions  (see  Figure  1).  The  operation  of  the  pulsed  dye  laser  in  a  single  mode 
configuration  should  ensure  complete  resolution  of  the  two  fine-structure 
components.  Exact  theoretical  lineshape  studies  should  be  made  on  each  component 
using  the  expected  relative  spacings  and  intensities  of  the  hyperfine  multi pi ets 
to  see  if  any  serious  lineshape  asymetries  exist. 

The  output  of  lasers  are  usually  llnear.ly  polarized  but  this  can  be  changed 
to  circular  polarization  if  desired.  Linearly  polarized  radiation  will, 
in  general,  align  the  excited  state  while  circularly  polarized  radiation 
with  orient  it.  Normal  isotropic  excitation  would  populate  all  the  magnetic 
substates  of  the  excited  state  equally.  Alignment  means  that  magnetic 
substates  of  opposite  sign  are  equally  populated  but  that  the  population 
is  a  non-uniform  function  of  |Mj|.  The  fluorescence  from  an  aligned 
state  will  be  linearly  polarized  and  have  a  anisotropic  radiation  pattern 
even  in  the  particle  frame.  Similarity,  orientation  implies  that  a 
single  magnetic  substate  is  overpopulated  with  respected  to  the  rest. 

Fluorescence  from  an  oriented  state  would  be  circularly  polarized  and  have 
an  anisotropic  radiation  pattern  in  the  particle  frame.  The  fact  that  the 
3P  state  is  anisotropically  prepared  by  the  laser  could  be  used  to  our 
advantage.  For  example.  If  the  plane  of  polarization  of  a  linearly 
polarized  laser  was  adjusted  in  such  a  way  in  the  laboratory  frame  that, 
in  the  particle  frame,  it  produced  a  dipole  radiation  pattern  with  the 
lobes  directed  toward  the  detectors,  one  could  Improve  on  the  amount 
of  fluorescence  detected  at  a  set  emission  angle  even  in  the  laboratory 
frame  where  kinematic  effects  reshape  the  particle  frame  radiation  pattern 
so  that  It  peaks  In  the  forward  direction.  Polarization-sensitive  detection 
of  the  polarized  fluorescence  could  also  be  employed  in  order  to  discriminate 
against  unpolarized  noise  contributions.  If  should  be  remembered  that 


X*&  levels  cannot  be  aligned  but  can  be  oriented.  This  interesting  area, 
not  considered  by  TASC,  seems  to  be  worthy  of  further  development.  TASC 
has  made  a  detailed  study,  however,  of  the  photoexcitation  probability, 
P(2$-3P),  without  consideration  of  the  polarization  of  the  laser.  They 
conclude  that  it  is  a  complicated  function  of  the  frequency  and  power  of 
the  laser  as  well  as  the  transit-time  of  particles  through  the  laser 
field.  Care  must  be  taken  in  choosing  a  particular  combination  of 
these  variables  if  one  wants  efficient  production  of  the  3P  state. 

After  the  excited  atoms  in  the  3P  state  leave  the  excitation  zone  they 
begin  to  decay  in  flight  in  an  exponential  manner  as  the  result  of  the 
spontaneous  emission  of  radiation.  The  natural  lifetime  of  the  3P  state 
is  5.4  ns.  There  exists  two  different  decay  channels  out  of  the  3P 
state:  the  3P-1S  and  the  3P-2S  transitions.  These  correspond  to  the 
emission  of  Ly^  and  H*  fluorescence  respectively.  Since  the  branching 
ratio  for  the  former  route  is  0.89,  the  Ly^  emission  line  is  some  7.5 
times  stronger  than  the  H*  emission  line.  For  this  reason  TASC  chose 
the  Ly^  fluorescence  to  monitor  the  absorption  resonance.  In  this  case, 
since  the  Ly^  collection  optics  and  detector  is  insensitive  to  the 
laser  radiation  directly  there  seems  to  be  no  reason  (other  than  possible 
cascading  effects)  not  to  keep  the  separation  of  the  excitation  and 
deexcitation  small.  This  avoids  losing  a  significant  fraction  of  the 
3P  state  population  by  exponential  depletion.  It  is  also  very  important 
that  the  3P  state  be  allowed  to  spontaneously  radiate  free  of  external 
perturbations  such  as  stray  electric  or  magnetic  fields  (a  fast-moving 
particle  "sees”,  in  Its  own  frame,  a  motional  electric  field  as  well 
as  a  magnetic  field  when  It  passes  through  a  laboratory  frame  magnetic 
field).  The  earth's  magnetic  field  is  an  example  of  a  laboratory  frame 
field  which  is  always  present.  A  stray  electric  field,  in  the  particle 
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frame,  could  Stark-mix  the  3P  states  with  other  opposite  parity  states 
of  the  n  =  3  manifold.  If,  for  example,  an  appreciable  amount  of  mix¬ 
ing  occured  between  the  3P  and  3S  states,  the  Ly^*  emission  line  should  be 
reduced  in  strength  since  once  in  the  3S  level  the  atoms  can  only  decay 
to  the  2 P  levels  emitting  H*  radiation  (later,  in  a  discussion  of 
alternative  schemes  for  monitoring  the  3P  state  population,  mention  is 
made  of  enchancing  the  H«  line  strength  by  purposefully  mixing  .the  3P 
and  3S  states). 

The  Ly^  fluorescence,  which  TASC  propose  to  use  to  monitor  the  resonance 
absorption  process,  will  be,  in  the  laboratory  frame,  both  Doppler  - 
shifted  and  anisotropically  peaked  in  the  forward  direction  as  a  result  of 
being  emitted  by  fast-moving  atoms.  Figure  7  illustrates  how  the  particle 
frame  wavelength  of  the  Ly^  fluorescence,  1026A,  is  Doppler-shifted  in 
the  laboratory  frame  for  various  beam  energies  and  emission  angles. 

Figure  8  is  an  expanded  version  of  Figure  7  for  the  acute  emission  angles 
only.  Figure  7  shows  that  for  acute  emission  angles  the  Ly,  fluorescence 
is  blue-shifted  (shorter  wavelengths)  and  for  obtuse  emission  angles 
it  is  red-shifted  (longer  wavelengths).  All  curves  represent  the  sum 
of  first-and  second-order  Doppler  shifts  except  for  the  case  of  90° 
emission  in  the  laboratory  frame  where  the  first-order  Doppler  shift 
disappears  and  only  the  second-order  shift  remains  which  is  always  a 
red-shift.  The  second-order  shift,  often  called  the  relativistic  shift, 
is  the  result  of  time  dilation  effects.  Figure  9  shows  the  effect  of 
kinematics  on  the  angular  distribution  of  the  emitted  Ly,  fluorescence. 

This  plot  assumes  that  the  radiation  is  emitted  isotropically  In  the 
particle  frame  and  that  azimuthal  symmetry  exists.  Clearly  the  higher 
the  beam  energy,  the  more  the  emitted  radiation  is  peaked  in  the  forward 
direction.  For  example,  for  a  particle  beam  energy  of  200  MeV,  the 
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probability  of  emission  drops  to  half  of  what  it  is  in  the  straight-on 
(  9  -  0°)  direction  for  an  emission  angle  of  about  40°.  Figure  10  shows 
how  the  radiant  energy  is  distributed  with  angle  of  emission.  This 
quantity  is  the  product  of  the  energy  per  photon  which  increases  with 
beam  energy  for  a  given  emission  angle  and  the  probability  of  emission 
at  that  angle  which  decreases  as  the  beam  energy  increases.  Figure  9 
indicates  that  ,  at  200  MeV,  we  must  use  an  acute  emission  angles  equal 
to  or  less  than  about  40°  in  order  to  enchance  the  probability  of  emission 
whereas  Figure  7  shows  that  at  these  rather  small  acute  emission  angles 
the  fluorescence  is  blue-shifted  into  the  wavelength  range. of  approximately 
550  to  700  JL  Unfortunately,  this  is  a  difficult  wavelength  region  to 
work  in  experimentally  since  lenses  can  no  longer  be  used  to  collect  the 
emitted  photons,  mirrors  coatings  have  rather  poor  reflectivities  at  near¬ 
normal  incidence  and  detector  efficiencies  are  rather  low.  The  details 
of  a  collection  optics  and  detection  schemes  has  not,  as  yet,  been  proposed 
by  TASC. 

A  number  of  second  and  third  series  transition  metals  have  been 
found  to  be  useful  as  reflecting  coatings  for  mirrors  below  1000$.  They 
are  Pt,  Ir,  0s,  Re,  W,  Rh  and  Au.  Hass  and  Hunter5  show  reflectivity 
curves  for  most  of  these  coatings.  There  appears  to  be  a  dependence  of 
reflectivity  on  coating  thickness  foi  most  coatings.  The  reflectance  of 
all  the  coatings  generally  decreases  toward  shorter  wavelengths  but  most 
of  them  show  rather  sharp  increases  over  a  small  range  deep  in  the  UV.  It 
would  be  to  our  advantage  to  arrange  for  the  Ooppler- shifted  Lfy  fluorescence 
to  fall  at  the  wavelength  of  one  of  these  sharp  Increases.  In  the  wave¬ 
length  range  500-800A  the  reflectivities  are,  in  general,  no  better 
than  about  0.20  to  0.30.  Os,  which  has  a  sharp  maximum  of  0.35  at  600A, 
and  Re,  which  has  a  similar  maximum  of  0.36  at  630$,  appear  to  be  good 


candidates  for  coatings  on  collection  optics  mirrors.  Since  the  reflectivities 
are  generally  poor  in  this  wavelength  region  we  should  try  to  design  the 
collection  optics  to  have  a  single  reflection  only.  For  example,  one 
could  use  an  off-axis  paraboloidal  reflector  to  focus  the  Ly^  fluorescence 
photons  emitted  from  the  beam.  Collection  schemes  based  on  two  reflectors 
such  as  a  Cassegrain  system  with  a  primary  ellipsoid  and  a  secondary  hyper¬ 
boloid  mirror  would  be  less  efficient  in  terms  of  overall  refleqtivity. 

Grazing  incidence  optics  would  improve  the  reflectivity  somewhat  but 
would  probably  restrict  the  solid  angle  of  collection  to  a  small  value. 

The  solid  angle  of  collection  should  be  kept  as  high  as  possible  to  help 
off-set  the  losses  due  to  poor  reflectivities. 

The  best  available  detectors  in  the  optical  range  ^500-800A  appear  to 
be  channel  electon  multipliers  (channel trons).  The  detection  efficiency  in 
this  range,  however,  is  rather  poor,  typically  0.10-0.18.  Arrays  of  roughly 
lC*  -107  miniature  electron  multipliers  called  microchannel  plates  are  also 
commercially  available®  and  it  might  be  possible  to  “wrap"  many  such  plates 
in  a  cylindrical  form  around  the  beam  and  forego  the  use  of  mirrors  altogether. 
This  would  also  improve  the  solid  angle  of  collection  but  the  collected  photons 
would  have  a  range  of  wavelengths  since  there  would  be  little  restriction  on 
emission  angle.  Only  those  photons  whose  wavelength  fell  within  the  spectral 
response  of  the  dec  tec tors  would  be  detected. 

From  this  discussion  it  should  be  apparent  that  a  considerable  amount  of 
work  remains  to  be  done  on  the  design  of  an  efficient  collection  and  detection 
scheme  for  the  Doppler- shifted  Ly^  fluorescence  chosen  by  TASC  to  monitor 
the  absorption  resonance.  In  light  of  the  obvious  difficulties  in  working 
in  the  *-500-800^  spectral  region  I  have  spent  some  of  my  time  trying  to 
devise  alternative  schemes  for  monitoring  the  population  of  the  3P  state 
and,  through  it,  the  resonant  absorption  process. 
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V.  ALTERNATIVE  SCHEMES  FOR  MONITORING  THE  RESONANCE 


In  the  previous  section  an  analysis  was  made  of  the  proposed  TASC  method 
of  detecting  small  changes  in  the  direction  of  a  H-atom  beam.  It  involved 
the  use  of  the  intrinsically  strong  Ly^  fluorescence  to  monitor  the 
resonant  absorption  of  radiation  from  a  laser.  It  was  shown  that  when 
high  energy  particle  beams  are  used,  the  fluorescence  to  be  detected  is  pre¬ 
ferentially  emitted  in  the  forward  directions  and  suffers  considerable 
Doppler  blue  shifting  at  the  small  acute  emission  angles  that  we  are 
forced  to  use.  The  particle  frame  wavelength  of  1026A  was  shifted  into  the 
range  of  approximately  500-800A  depending  on  beam  energy  and  emission  angle. 
Photons  in  this  wavelength  range  are  difficult  to  collect  and  detect  efficiently. 
In  this  section  we  discuss  alternative  ways  of  monitoring  the  3P  state  population 
after  the  absorption  process. 

One  obvious  method  would  be  to  monitor  the  H*  fluorescence  Instead  of 
the  Ly^  fluorescence  even  though  it  Is  intrinsically  about  an  order  of 
magnitude  weaker  than  the  Ly*  fluorescence.  Advantages  may  be  gained 
by  the  fact  that,  even  after  Doppler-shifting,  the  H*  photons  emitted 
in  the  laboratory  frame  fall  In  the  more  accessible  visible  region  of 
the  electromagnetic  spectrun  where  collection  and  detection  efficiencies 
can  be  made  quite  high.  Figure  11  illustrates  how  the  Doppler- shifted 
photons  change  In  wavelength  with  both  particle  beam  energy  and  emission 
angle.  Of  course,  the  wavelength  will  still  be  preferentially  directed 
Into  a  small  range  of  angles  around  the  direction  of  motion  of  the  beam. 

Let  us,  for  example,  choose  a  particle  beam  energy  of  200  MeV  and  an 
emission  angle  of  30°.  Figure  11  shows  that  the  fluorescence,  whose 
particle  frame  wavelength  Is  6563A,  will  be  Doppler  blue-shifted  down 
to  4052X  In  the  laboratory  frame.  For  this  wavelength,  reflectivities 
can  be  around  0.90  or  more  and,  in  addition,  lenses  can  be  employed  to 


78-24 


focus  the  emitted  radiation.  The  quantum  efficiency  of  commercial  photo¬ 
multiplier  detectors  can  be  as  high  as  about  0.30  at  this  wavelength  although 
the  intrinsic  detector  noise  will  be  somewhat  higher  than  for  the  channel 
electron  multipliers  which  we  proposed  to  use  to  detect  the  Ly^  fluorescence. 
It  could  be  that  the  overall  gain  In  collection  and  detection  efficiencies  using 
H*  rather  than  ty^  fluorescence  would  more  than  offset  the  signal  loss  due  to 
sampling  a  much  smaller  fraction  of  the  3P  state  population  when  monitoring 
with  . 

I  have  also  thought  about  ways  of  enhancing  the  strength  of  the 
fluorescence  a;  the  expense  of  the  fluorescence.  It  seems  that  this 
could  be  realized,  for  example,  by  intentionally  Stark-mixing  the  3P  and  3$ 
states  In  an  applied  electric  field.  The  3$  state  can  only  decay  to  the 
2P  levels  emitting  Hm  radiation  and  so  the  enhancement  of  the  (3P-2S) 

H*  signal  by  the  (3S-2P)  decay  would  be  at  the  expense  of  the  (3P-1S)  Ly^ 
fluorescence.  If  this  enhancement  could  be  made  appreciable  then  the 
monitoring  of  the  H*  fluorescence  would  certainly  become  a  viable 
alternative  to  monitoring  the  Ly^  fluorescence.  Again,  as  in  the 
case.  It  might  be  possible  to  improve  the  H«  signal  further  by  adjusting 
the  angular  distribution  pattern  in  the  particle  frame  using  a  linearly 
or  circularly  polarized  laser  for  absorption. 

Thus  far,  only  optical  schemes  for  monitoring  the  3P  state  population 
have  been  considered.  Non-optical  schemes  could  perform  the  same  job 
and  perhaps  more  efficiently.  For  example,  inspection  of  the  H-atom 
energy  level  diagram  (Figure  1)  shows  that  the  3P  state  lies  only  1.51  eV 
below  the  ionization  limit,  i.e.,  the  excited  electron  is  only  bound 
by  1.51  eV.  Thus  the  threshold  wavelength  for  photoionization,  in 
the  particle  frame,  is  821 lX.  For  a  given  beam  energy,  the  angle  between 


the  particle  beam  and  the  laser  beam  used  for  photoionization  could  be 
chosen  so  as  to  have  the  laser  wavelength,  in  the  laboratory  frame, 
fall  within  the  operating  range  of  a  powerful  laser.  Alternatively, 
the  laser  beam  used  to  photoexcite  the  2S-3P  transition  could  be  directed 
back  onto  the  particle  beam  In  order  to  photolonize  atoms  In  the  3P 
state.  A  possible  experimental  arrangement  Is  shown  schematically  In 
Figure  12.  We  could,  for  example,  choose  a  particle  beam  energy  of 
200  MeV  which  corresponds  to  the  "magic"  angle  of  55.53°  and  a  laboratory 
frame  wavelength  of  541 lA  for  the  laser  performing  the  photoexcitation 
In  the  upstream  position.  If  we  then  redirect  this  same  laser  beam 
(used  a  rotatable  mirror)  back  onto  the  particle  beam  at  an  angle  of 
36.21°  the  particles  will  "see"  a  wavelength  of  821 li,  the  threshold 
wavelength  for  direct  photoionization  (into  the  continuum).  The  cross- 
section  for  this  process  at  threshold  has  been  calculated  by  Volkov7 
to  be  2.6  x  1<T"  an**.  Since  cross-sections  for  bound-bound  transitions 
are  typically  a  few  orders  of  magnitude  higher  than  for  bound-free 
transitions.  It  would  probably  be  more  efficient  to  indirectly  photo¬ 
lonize  the  atoms  in  the  3P  state  by  first  photoexciting  them  to  a  high- 
lying,  but  bound,  Rydberg  state.  The  field  ionization  of  such  states  with 
n  **20  can  be  made  about  100X  efficient.  The  products  of  photoionization 
of  the  H-atom  In  the  3P  state  will  be  a  proton  and  an  electron  which  will 
have  a  small  kinetic  in  the  particle  frame  equal  to  the  difference 

In  the  energy  of  the  photon  used  for  photoionization  and  the  binding 
energy  of  the  electron  which,  in  this  case,  is  1.51  eV.  This  energy 
will  always  be  very  small  compared  to  the  translational  energy  of  the 
particle  frame  Itself  so  that  the  ejected  electrons  will  travel  with 
essentially  the  same  speed  and  direction  as  the  remaining  H-atoms  and  the 
liberated  protons.  Their  kinetic  energy  and  stomentua,  however,  will  be 
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considerably  smaller  than  those  of  the  heavier  particles.  An  electron  which  has, 
for  example,  been  ejected  from  a  200  MeV  particle  beam  by  the  process 
of  photoionization  will  have  an  energy  of  about  109  KeV  in  the  laboratory 
frame.  Calculations  also  show  that  all  the  ejected  electrons  will  be 
emitted  in  the  forward  direction  into  an  angle  of  just  a  few  mi  Hi  radians 
around  the  particle  beam  axis.  Figure  12  shows  a  dipole  magnetic  field 
being  used  to  sweep  the  electrons,  which  have  relatively  small  momenta,  out  of 
the  main  particle  beam.  This  secondary  beam  can  then  be  focused  onto  a 
detector  such  as  an  open-ended  photomultiplier  tube.  The  noise  associated 
with  non-optical  detection  schemes  in  generally  much  lower  than  for 
optical  detection.  The  detected  electron  signal  will  be  proportional 
to  the  population  of  the  3P  state  at  any  time  and  so  can  be  used  as  a 
monitor  of  the  absorption  process.  Further  calculations  on  expected 
signal  rates  based  on  photoionization  probabilities  and  collection  and 
detection  efficiencies  should  be  made  to  see  if  such  a  scheme  could 
become  an  alternative  to  the  optical  detection  schemes  mentioned  earlier. 

Another  non-optical  scheme  that  has  possibilities  is  one  based  on  detection 
by  magnetic  deflection.  The  famous  experiments  of  Rabi  showed  that  any  change 
in  the  magnetic  substate  of  an  atom  could  be  detected  by  a  change  in  deflection 
in  an  inhomogeneous  magnetic  field.  The  amount  of  deflection  is  proportional 
to  the  transverse  field  gradient,  the  length  of  interaction,  the  magnetic 
moment  and  inversely  proportional  to  the  kinetic  energy  of  the  particle. 

This  type  of  detection  has  been  used  for  a  long  time  in  magnetic  resonance 
experiments  and  more  recently  in  high  resolution  spectroscopy  experiments  on 
atomic  beams1.  The  inhomogeneous  field  can  be  provided  by  a  six-pole  magnet. 

In  this  configuration  the  field  is  zero  on  the  axis  and  increases  with 
distance  from  the  axis.  Thus  the  magnet  will  have  focusing  properties 
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for  atoms  with  positive  Mr  values  and  defocusing  properties  for  the  other 
sublevels.  If  an  upstream  polarized  laser  is  used  to  optically  pimp 
a  transition  and  create  an  unequal  population  among  the  magnetic  substates 
of  an  excited  state  or  ground  state  this  change  could  be  detected  by  passing 
the  atoms  through  a  six-pole  magnet.  Calculations  on  the  amount  a  hydrogen 
atom  in  the  3P  state  would  be  deflected  by  a  given  field  need  to  be  made  to 
see  if  such  a  technique  could  be  used  to  monitor  the  laser  absorption 
process. 

VI.  SUMMARY 

An  analysis  has  been  made  of  a  method  that  could  be  used  to  sense  small 
changes  in  the  direction  of  a  particle  beam.  It  is  based  on  studying  the 
response  of  a  signal  used  to  monitor  the  strength  of  an  interaction  between 
intersecting  laser  and  particle  beams  to  a  detuning  from  the  resonance  maximum 
brought  about  by  a  small  change  in  the  angular  separation  of  the  beams.  The 
monitor  signal  can  be  any  quantity  proportional  to  the  population  of  the 
upper  level  of  the  absorbing  transition.  Both  optical  and  non-optical 
methods  of  monitoring  this  population  have  been  proposed.  The  ability  of  the 
method  to  sense  very  small  changes  in  the  particle  beam  direction  depends  both 
on  the  signal-to-noise  ratio  and  the  linewidth  of  the  resonance  monitor  signal. 
Narrow  signals  can  be  obtained  by  maintaining  the  mean  angular  separation  of 
the  two  beams  at  the  so-called  "magic"  angle  given  by  §  «  Gn~'p  .  The 
resonance  width  is  then  immune  to  Doppler  broadening  arising  from  first-order 
terms  in  fy  ,  the  spread  in  the  speeds  of  the  beam  particles.  It  was  found 
that  the  resonance  broadens  dramatically  as  one  detunes  appreciably  from 
the  "magic"  angle.  At  the  "magic"  angle  the  resonance  width  is  determined 
primarily  by  the  combined  divergences  of  the  laser  and  particles  beams  assuning 
the  homogeneous  width  due  to  transit-time  broadening  and  power  broadening  is 


kept  small.  The  signal-to-noise  ratio  of  the  monitor  signal  determines  the 
integration  time  needed  to  accumulated  a  certain  amount  of  counting  statistics. 

The  strength  of  the  signal  used  to  monitor  the  population  of  the  upper  level 
of  the  absorpting  transition  is  proportional  to  the  product  of  the  following 
quantities  which  must  stay  constant  during  the  measurements:  The  number  of 
atoms  prepared  in  the  lower  level  of  the  absorbing  transition;  the  probability 
that  the  absorption  takes  place  in  the  laser  field;  the  probability  of  detecting 
the  change  in  population  of  the  upper  level  of  the  absorbing  transition  somewhere 
downstream  from  the  resonant  interaction  region.  If  fluorescence  is  used  to 
monitor  the  upper  level  population  the  latter  factor  depends  on  the  angular 
distribution  of  photon  emission  in  the  laboratory  frame,  the  angle  of  emission, 
the  solid  angle  of  collection  of  the  emitted  photons,  and  the  efficiencies 
of  the  collection  optics  and  detectors.  Clearly  all  these  factors  must  be 
optimized  to  produce  a  workable  signal.  Noist*  will  be  generated  by  any  process 
which  can  populate  the  upper  level  without  being  correlated  with  the  laser  absorp¬ 
tion  process.  Another  noise  source  and  possibly  the  most  serious  in  a  real 
experiment,  could  be  due  to  random  fluctuations  in  the  nunber  of  beam  particles 
and  the  direction  of  the  particle  beam  axis.  It  would  be  advisable  to  continually 
monitor  the  population  of  the  lower  level  of  the  transition  in  this  case.  The 
noise  in  the  signal  and  the  signal  strength  itself  will  depend  on  the  method 
chosen  to  monitor  the  resonance  signal. 


VII.  RECOMMENDATIONS 

Based  on  my  analysis  of  the  method  of  sensing  small  changes  in  the  di¬ 
rection  of  a  particle  beam,  I  make  the  following  recommendations  for  the  proposed 
experiment  to  be  designed  to  investigate  the  feasability  of  the  method  and 
detect  potential  problems.  The  measurements  will  probably  be  made  on  an  un¬ 
expanded  fast-moving  beam  of  H-atoms  prepared  in  the  2S  state  and  photoexcited 
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fluorescence.  The  success  of  the  experiment  will  depend  to  a  great  extent  on 
the  quality  and  stability  of  the  particle  beam  chosen  for  the  investigation. 

It  is  clear  that  considerable  attention  must  be  devoted  to  maintaining 
the  mean  angle  between  the  crossed  beams  at  the  "magic"  angle  for  a  given 
beam  energy  in  order  to  preserve  the  sensitivity  of  the  method.  It  is  likely 
that  a  control  loop  will  have  to  be  used  to  achieve  this.  Additional  problems 
could  arise  if  the  mean  energy  of  the  particle  beam  fluctuates  during  the 
course  of  the  experiment.  If  the  angular  separation  of  the  beams  is  maintained 
at  the  "magic"  angle  the  sensitivity  of  the  method  will  then  depend  on  the 
ability  to  reduce  the  divergencies  of  both  the  particle  and  laser  beams.  The 
laser  beam  should  be  expanded  and  then  collimated  to  the  desired  shape.  The 
particle  beam  will  probably  remain  unexpanded  in  the  initial  experiment  but 
will  be  collimated  by  an  amount  depending  to  a  great  degree  on  the  intensity 
of  the  particle  beam  that  is  available  at  the  accelerator  facility. 

I  recommend  that  the  spacing  between  the  excitation  and  deexcitation  or 
sensing  zone  be  held  quite  small  in  order  to  avoid  exponential  depletion 
of  the  population  of  the  3P  state.  At  the  high  beam  energy  that  will  be 
employed,  the  Ly*  fluorescence  will  be  Doppler  blue-shifted  by  a  considerable 
amount  and  will  be  emitted  preferentially  in  the  forward  direction.  At  200  MeV, 
I  would  recommend  an  angle  of  emission  of  about  20°  which  corresponds  to  a 
Doppler-shifted  Ly^  fluorescence  wavelength  of  about  580A.  At  this  wavelength 
several  reflecting  coatings  for  mirrors  have  reflectivities  of  0.30.  Tungsten 
or  osmiun,  for  example,  might  be  good  candidates  for  mirror  surfaces.  Since 
the  reflectivities  in  this  region  of  the  spectrum  are  generally  low  I  would 
recommend  an  optical  collection  system  which  involved  a  single  reflection  if 
possible.  An  off-axis  paraboloidal  reflector  seems  to  be  a  good  choice.  The 
mirror  diameter  should  be  quite  large  so  as  to  enhance  the  solid  angle  of 
collection.  A  large  solid  angle  will  encompass  a  range  of  emission  angle 


and  photons  with  Doppler-shifted  wavelengths.  As  long  as  these  photons  fall 
within  the  spectral  response  curve  of  the  detector  they  will  be  useful.  Channel 
electron  multipliers  will  have  to  be  used  for  detection  even  though  their 
efficiencies  are  only  about  0.15. 

In  addition  to  the  proposed  experiment  I  would  recommend  that  a  theoretical 
investigation  be  made  of  the  following  areas: 

(1)  The  role  of  cascading  in  populating  the  3P  state  in  the  H-atom 
following  collisional  detachment  of  H~  . 

2)  Analysis  of  the  effect  of  the  hyperfine  structure  on  the  shape  of  the 
2S-3P  fine  structure  line  used  in  absorption. 

3)  The  effect  of  polarized  laser  radiation  on  the  angular  distribution  and 
polarization,  in  the  particle  frame,  of  the  fluorescence  emitted  in  the 
decay  of  the  3P  state. 

4)  The  effect  of  Stark-mixing  the  n  =  3  states  of  the  H-atom  on  the  relative 
strengths  of  the  HK  and  Ly^  fluorescence  lines. 

5)  An  investigation  of  the  possibility  of  photoionizing  the  H-atom  in  the 

3P  state  and  using  the  ejected  electrons  as  a  monitor  signal  for  the  2S-3P 
absorption  process. 

6)  A  study  of  the  possibility  of  using  magnetic  deflection  of  optically- 
punped  and  oriented  H-atoms  in  the  3P  states  by  a  six-pole  magnet. 

Any  of  the  above  processes  may  lead  to  an  increase  in  the  signal-to-nolse 
of  the  signal  used  to  monitor  the  strength  of  the  interaction  between 
crossed  laser  and  particle  beams  and  hence  improve  the  sensitivity  of  the 
particle  beam  direction-sensing  method. 
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ABSTRACT 

Pulsed  releases  of  toxic  chemicals,  such  as  occur  with 
accidental  spills,  are  poorly  modelled  by  traditional  bioassay 
techniques.  The  toxicity  of  naphthalene,  an  important 
constituent  of  jet  fuels,  is  examined  using  short  term 
exposures  typical  of  a  spill  event.  Median  lethal  concentration 
over  the  range  of  short  term  exposure  durations  are  described 
for  the  crustacean,  Gammarus  tigrinus.  Sublethal  impact  upon 
growth  and  reproductive  parameters  are  quantified.  Short  term 
exposure  to  naphthalene  resulted  in  altered  feeding  and  mating 
behaviors.  Morphological  alteration  of  gill  tissue  using 
scanning  electron  microscopy  is  discussed.  Sugestions  for 
further  research  in  this  area  is  offered.  • 
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I*  Introduction. 


Presently,  toxicological  testing  £or  aquatic  hazard 
evaluation  relies  primarily  upon  two  bioassay  techniques  to 
assess  median  lethality.  In  theses  studies,  organisms  are 
exposed  to  various  concentrations  of  suspect  chemicals 
either  for  short  periods  of  time  (acute  bioassay:  24,  48,  96 
hours  duration)  or  for  a  period  of  time  typical  of  the 
species'  life  span  (chronic  bioassay).  The  advantage  of  the 
former  is  the  economy  of  time  and  money  for  testing.  The 
advantage  of  the  latter  is  that  exposure  to  the  most 
sensitive  life  history  stages  can  be  assured,  thereby 
providing  greater  understanding  of  a  species  tolerance  for 
the  suspect  chemical.  However,  certain  pollution  events  such 
as  chemical  spills  or  pulsed-releases  occur  with  relatively 
high  frequency.  These  are  poorly  modelled  by  these  standard 
exposure  and  observation  methods. 

Important  effects  upon  individuals  and  populations  can 
occur  after  exposure  to  sublethal  concentrations  (1,2).  As  a 
result,  many  studies  have  been  conducted  using  low  levels  of 
persistant  chemicals  such  ac  PCBs  and  DDT.  However, 
widespread  anthropogenic  processes  such  as  power  plant 
operations,  scheduled  chemical  plant  releases,  and 
accidental  spills  result  in  frequent  challenges  to  the 
aquatic  ecosystems  with  pulses  of  toxic  chemicals  that 
rapidly  degrade  and  detoxify.  With  chlorination  events,  the 
traditional  bioassay  techniques  would  indicate  non-hazard 
for  organisms  so  broefly  exposed  (3):  yet  when  observation 


continues  far  beyond  the  immediate  exposure  period,  adverse 
impacts  upon  growth  and  reproduction  have  been  discovered 
(4). 

The  lower  molecular  weight  aromatic  hydrocarbons  are 
important  components  of  many  fuels*  They  have  sufficiently 
high  aqueous  solubility  and  toxicity  that  they  must  be 
considered  primary  toxic  agents  when  oij.  spills  occur  (5)* 
Wells  (6)  in  a  literature  review  cited  evidence  that 
naphthalene  is  a  potent  feeding  rate  inhibitor  of 
crustaceans  during  the  time  that  it  is  rapidly  accumulated. 
The  amphipod.  Gamma r us  oceanicus,  showed  increased  toxicity 
with  light  crude  oils  as  compared  to  heavy  crude;  this 
effect  was  more  pronounced  in  the  youngest  animals  where 
reduced  growth  rates  were  observed  during  sublethal 
exposures  (7).  Anderson  and  colleagues  (8)  characterized 
these  light  crudes  as  rich  in  low  molecular  weight  aromatics 
such  as  naphthalene.  Similar  light  crudes  can  alter 
precopulatory  behavior  in  amphipods  and  decrease  their 
fecundity  (9);  additional  evidence  cites  decreased  nesting 
behavior  and  altered  lipid  metabolism  (10). 

The  genus  Gammarus  is  recognized  as  a  very  sensitive 
species  for  toxicity  testing  (11).  Host  recently,  field 
studies  have  shown  this  genus  to  be  a  most  sensitive  marker 
among  other  macroinvertebrates  for  projecting  adverse  levels 
of  industrial  activity  (12).  Furthermore,  toxicity  testing 
of  persistant  effects  of  short  term  exposure  (1  hour)  with 
agricultural  chemicals  have  been  reported  (13*. 


II*  Research  Objectives. 


The  general  objective  of  this  study  was  to  evaluate  the 
aquatic  toxicity  of  naphthalene  to  a  sensitive  aquatic 
organism  when  the  exposure  situation  was  analagous  to  a 
spill  of  fuel  oils.  Both  lethal  and  sublethal  impacts  of 
naphthalene  were  investigated  to  determine  rapid,  yet 
ecologically-relavent  assays.  Gammarus  tigrinus  proved  ideal 
for  this  study  because:  a)  it  grows  rapidly  in  culture  and 
has  a  high  fecundity  (14);  b)  methods  for  quantifying 
reproductive  capacity  and  growth  rates  have  been  described 
(4);  and  c)  the  species  dominates  the  epibenthic 
macrozooplankton  fauna  of  several  American  (15)  and  European 
(16)  aquatic  ecosystems  which  indicates  its  importance  as  a 
test  organism. 

The  specific  objectives  of  the  study  were  five: 

a.  The  median  lethal  responses  to  naphthalene  were 
determined.  Replicate  groups  of  newly-released  young 
amphipods  were  exposed  to  one  of  an  increasing  series  of 
naphthalene  concentration*  so  that  the  responses  48  hours 
after  exposure  ranged  from  total  survival  to  total 
mortality. 

b.  Subpopulations  of  young  amphipods  were  exposed  to 
sublethal  concentrations  of  naphthalene  and  observed  at 
weekly  intervals  until  reproductive  maturity  was  achieved. 
Sexual  composition  of  these  animals  and  several  morphometric 
parameters  were  recorded. 

c.  Rated  pairs  of  adult  amphipods  were  exposed  to  sublethal 
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concentrations  of  naphthalene.  Reproductive  competence  was 
assessed  over  several  mating  cycles. 

d.  An  essential  reproductive  behavior  for  this  species  is 
the  clasping  of  the  female  by  the  male  for  several  days 
prior  to  copulation  (precopulatory  amplexus).  Individual 
pairs  in  amplexus  were  exposed  to  various  concentrations  of 
naphthalene.  Persistence  of  this  behavior  during  exposure 
and  success  in  reestablishing  this  behavior  after  exposure 
were  assessed. 

e.  During  the  initial  portion  of  the  stud,,  observations  of 
exposed  amphipods  disclosed  a  high  frequency  of 
morphological  alteration  of  gill  tissue.  A  separate  exposure 
series  was  generated  to  supply  animals  for  scanning  electron 
microscopy.  The  techniques  for  animal  preparation  and 
examination  of  gills  and  excretory  ducts  were  completed. 

III.  Median  Lethal  Concentrations. 

Lethal  responses  of  amphipods  to  naphthalene  exposure 
followed  the  expected  trend  of  increased  sensitivity  with 
increasing  exposure  duration  (Table  1).  In  general,  as  the 
exposure  duration  increcsed  by  a  factor  of  three,  the  median 
lethal  concentration  decreased  by  a  factor  of  two. 

Confidence  intervals  surrounding  these  LC50s  were  greatest 
for  the  longest  exposure  durations.  At  very  high 
concentrations  of  naphthalene  OSppm)  all  animals 
demonstrated  initial  hyperactivity  for  approximately  3-5 
minutes  followed  by  complete  cessation  of  swimming 
movements.  At  2-5  ppm  animals  remained  hyperactive 
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throughout  exposure  until  either  recovery  or  death*  Below 


Table  1.  Median  lethal  concentrations  (ppm)  and  confidence 
intervals  for  various  exposures  to  naphthalene. 


Exposure  Duration 

LC5C 

95%  Confidence  Interval 

30  minutes 

* 

54.7 

minutes 

40.05 

19.64 

and 

infinity 

100 

minutes 

13.26 

10.89 

and 

17.73 

173. 

4  minutes 

6.54 

2.67 

and 

15.82 

300 

minutes 

5.69 

5.27 

and 

6.12 

1000 

minutes 

2.11 

1.83 

and 

2.42 

3000 

minutes 

1.65 

1.26 

and 

2.06 

*  less  than  5%  mortality  at  the  limits  of  naphthalene 
solubility. 

IV.  Growth  Rates  and  Reproductive  Capacity 

Three  groups  of  newly-released  young  amphipods  were 
exposed  to  either:  ambient  water  for  300  minutes;  1.0  ppm 
naphthalene  for  100  minutes;  or  0.5  ppm  naphthalene  for  300 
minutes.  Both  naphthalene  exposures  represented 
approximately  10%  of  the  LC50  value  for:  those  exposure 
durations.  Survival  was  noted  during  weekly  observations.  At 
biweekly  intervals  until  reproductive  maturity  was  achieved 
the  following  parameters  were  noted  on  each  of  ten 
individuals:  head  length;  head-peraeon  length;  length  of 
peduncular  segments  on  the  first  and  second  antennae;  number 
of  flagellar  segments  on  each  antennae.  No  significant 
differences  in  any  of  these  morphological  characteristics 
were  noted  among  the  three  groups  at  any  observation  period. 


In  general#  head  length  and  number  of  flagellar  segments 
provided  the  most  reliable  indicators  of  the  population 
growth.  The  sexual  ratio  (female/male)  of  the  control  group 
at  maturity  was  1.17;  for  the  0.5  ppm  group  it  was  0.65;  and 
for  the  1.0  group  it  was  0.58.  This  would  suggest  that 
naphthalene  had  exerted  a  impact  on  either  female  survival 
or  on  the  development  of  female  sexual  characteristics. 

For  studying  the  impact  of  naphthalene  exposure  on 
adult  amphipod  reproduction#  groups  of  10-15  individual 
pairs  of  animals  were  exposed  for  a  single  100  minutes 
duration  to  either:  ambient  water;  1.2  ppm;  2.5  ppm;  or  5.0 
ppm  naphthalene.  After  exposure  pairs  were  observed  daily  to 
identify  mating  behavior#  status  of  the  females'  brood 
pouch#  and  release  of  young  animals.  There  were  no 
significant  differences  in  the  durations  of  precopulatory 
amplexus  <1-5  days)#  in  the  duration  of  the  intermolt  period 
(6-9  days) #  or  in  the  frequency  of  molting  and  ovigery. 
However#  only  in  the  control  group  was  there  a  high 
frequency  of  immediate  post  exposure  release  of  young  (7/10) 
and  subsequent  release  of  young  (8/10).  None  of  the 
naphthalene  exposed  groups  demonstrated  an  early  release  of 
young;  subsequent  releases  were  3/15#  2/12#  and  1/10  for  the 
5#  2.5  and  1.0  exposure  groups  respectively. 

V.  Amplexus  Behavior 

Individual  adult  amphipods  are  dispersed  widely  in  the 
aquatic  environment.  However#  females  are  available  for 
copulation  during  only  a  brief  period  (hours)  after  molting. 


To  insure  successful  reproduction  males  will  clasp  females 
(amplex)  for  several  days  prior  to  her  molting.  Preliminary 
experiments  indicated  the  efficacy  of  quantifying  the 
temporal  aspects  of  precopulatory  amplexus  during 
naphthalene  exposure  and  the  recovery  of  this  behavior  after 
cessation  of  chemical  stress.  Individual  pairs  of  amplexed 
amphipods  were  exposed  for  100  minutes  duration  to  one  of 
the  following:  ambient  water;  1.3  ppm;  3.0  ppm;  6.5  ppm;  or 
14.1  ppm  naphthalene.  Animals  were  observed  during  the 
exposure  period  (100  minutes),  and  during  the  180  minute 
recovery  period.  All  pairs  were  separated  physically  prior 
to  the  recovery  period  objervations.  The  results  are 
summarized  in  Table  2. 
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widespread  (but  non-persistant)  chemicals.  One  o£  particular 
concern  to  the  Air  Force  would  be  the  degreasing  agent# 
trichloroethylene. 

Pulsed  exposure  to  toxicants  may  have  a  generic  impact 
upon  the  respiratory  competence  of  amphipods.  Certainly#  a 
developmental  profile  of  the  gills  of  these  crustaceans  and 
the  influence  of  the  molting  cycle  on  surface  features  would 
be  essential  for  interpertation  of  scanning  electron 
micrographs.  In  addition#  I  would  suggest  that  this 
information  be  coupled  with  a  physiological  study  of  the 
respiratory  rates  of  these  animals.  Gammarus  is  well  suited 
to  studies  using  small  chamber#  Warburg-like  respirometers. 
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Table  2 • 

A.  Percent  of  exposure  time  (100  minute  maximum)  that 
amphipods  remained  amplexed. 


Concentration 

n  (*)  + 

Mean 

+ 

S.D. 

Range 

minimum  maximum 

14.1 

10  (10) 

0.19 

+ 

0.1 

0.03  0.4 

in 

. 

so 

14  (14) 

1.82 

+ 

2.7 

0.05  8.4 

3.0 

10  (10) 

30.2 

+ 

29.0 

1.1  84.0 

1.3 

10  (3) 

85.1 

+ 

25.7 

27.3  100.0 

0.0 

20  (0) 

100.0 

+ 

0 

100.0 

+  n  (*)  «  number 

of  exposed  animals  (number 

which  broke 

amplexus) 


B.  Percent  of  recovery  period  (180  minute  maximum) 
that  amphipods  remained  amplexed. 


Concentration 

n  ( 

*)++ 

Mean 

+ 

S.D. 

Range 

minimum  maximum 

14.1 

10 

(9) 

0.78 

♦ 

2.5 

0 

7.78 

6.5 

9 

(4) 

36.5 

+ 

36.6 

0 

89.3 

3.0 

10 

(1) 

70.1 

♦ 

33.2 

0 

96.4 

1.3 

10 

(0) 

87.9 

♦ 

28.2 

7.7 

99.5 

0.0 

20 

(0) 

97.3 

♦ 

1.8 

92.8 

99.4 

++  n  (*)  ■  number  of  exposed  animals  (number  not  recovered) 


Gammarus  pairs  showed  sensitivity  to  naphthalene  with 


this  reproductive  behavior  even  at  concentrations  as  low  as 
1.3  ppm:  30%  broke  amplexus,  while  all  pairs  recovered  after 
cessation  of  hydrocarbon  stress.  At  the  higher  naphthalene 
concentrations  all  pairs  abandoned  amplexus,  and  higher 
percentages  failed  to  recover  the  precopulatory  stance. 

VI.  Scanning  Electron  Microscopy 

Naphthalene  has  been  demonstrated  as  a  respiratory 
toxicant  for  some  crustaceans  (17,  18).  During  preliminary 
experiments,  examination  of  adult  amphipods  showed  that  a 
large  percentage  of  exposed  animals  posessed  deformed, 
swollen  gills.  Optimum  preparation  of  amphipods  was 
accomplished  with  a  24  hour  exposure  to  one-half  strength 
Karnovsky's  Pixative  and  subsequent  maintenance  in  pH  7.4 
cacodylate  buffer.  All  animals  were  dehydrated  in  graded 
solutions  of  ethanol  and  amylacetate;  critical  point  dried 
with  liquid  C02;  sputter-coated  with  gold;  and  observed  on 
an  ETEC  scanning  electron  microscope.  Gills  were  examined  at 
70X;  500X;  and  2000X.  The  gland  cone,  an  antennal  excretory 
organ,  were  examined  at  500X  and  2000X. 

Animals  exposed  to  elevated  concentrations  of 
naphthalene  showed  erosion  of  the  membrane-like  sheath 
surrounding  the  surface  of  the  gills.  High  power  resolution 
disclosed  extensive  elimination  of  surface  ruffling  on  the 
gills.  This  loss  of  intimate  contact  with  the  subsurface 
cell  layer  could  increase  the  diffusion  path  for  oxygen 
across  the  gills-  and  thereby  explain  the  decrease  in 
respiratory  rates.  At  the  highest  naphthalene  concentrations 


(ones  which  proved  ultimately  lethal  to  exposed  animals) 
several  animals  demonstrated  a  pronounced  occlusion  of  the 
excretory  pore  for  the  gland  cone;  this  was  not  consistant 
for  all  exposed  animals* 

VII.  Recommendations. 

The  information  derived  from  this  study  can  provide  a 
valuable  framework  for  the  interpertation  of  chemical  spill 
impact  on  aquatic  ecosystems.  The  lethal  responses  of  a 
sensitive  macroinvertebrate  to  the  important  fuel  oil 
constituent,  naphthalene,  have  been  mapped  for  several  short 
term  exposures.  Sublethal  exposures  as  low  as  1.3  ppm  for 
100  minutes  have  been  demonstrated  to  adversely  affect  the 
reproductive  capacity  and  reproductive  behaviors  of  these 
amphipods.  Although  growth  rates  were  not  altered  by 
exposure  to  1.2  and  0.5  ppm  naphthalene  for  100  and  300 
minutes,  sexual  compositions  of  the  exposed  groups  were 
biased  towards  higher  proportions  of  males  and  therefore 
lower  capacity  for  population  increases. 

This  study  enhances  the  validity  for  examination  of 
short  term  exposure  with  long  term  observations.  In 
addition,  it  presents  some  methods  (amplexus  behavior, 
growth  rates,  scanning  electron  microscopy)  for  relatively 
rapid  and  sensitive  evaluation  of  the  aquatic  toxicity  of 
many  short-lived  contaminants.  To  date  such  investigations 
have  focused  upon  only  three  stressors:  chlorine  biocides; 
thermal  elevations;  and  naphthalene.  I  would  recommend  that 
this  line  of  research  be  extended  into  studies  with  other 
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ABSTRACT 


In  this  report,  a  technique  for  the  simplif icntion  of  those  non) inear 


systems  whose  nonlinearities  can  be  represented  by  continuous  functions 


is  presented.  The  method  is  based  upon  constructing  an  equivalent 


nonlinear  systen  in  which  the  linear  and  non) inear  signals  appear 


as  orthonoraal  signals.  The  siapler  model  Is  selected  from  this 


equivalent  system.  The  technique  is  illustrated  by  a  numerical  example 
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I.  INTRODUCTION 

With  the  emergence, of  large  scale  systems,  model-reduction 
techniques  have  assumed  tremendous  importance  for  the  purposes 
of  design  and  analysis.  The  essence  of  a  model-simplification 
technique  is  to  replace  a  given  large  order  system  by  a  simpler 
system  in  such  a  way  that  the  simpler  model  retains  the  significant 
properties  of  the  given  system.  In  the  case  of  linear  time  invariant 
systems,  the  model-reduction  problem  has  been  extensively  researched 
[1,  2,  \  5J • 

In  the  case  of  nonlinear  systems,  very  often,  the  system  is 
first  linearized  about  the  operating  point  and  then  a  simpler 
model  is  obtained  by  using  a  model  simplification  technique  for 
linear  systems.  This  situation  is  not  quite  satisfactory  for 
the  folloving  reasons: 

1.  It  involves  tvo  steps  of  approximation.  First,  a 
nonlinear  system  is  approximated  by  a  linear  system  and  then  the 
linear  system  is  approximated  by  a  simpler  model. 

2.  Linearisation  of  the  nonlinear  system  is  often  not  very 
accurate  vhen  one  moves  avay  from  the  operating  point. 

Thus,  there  is  an  urgent  need  for  developing  model-simplification 
techniques  in  the  case  of  nonlinear  systems.  This  problem  is 
complicated  in  case  of  those  systems  by  virtue  of  the  nature 
of  the  systems. 

Recently,  Desroehers  and  Al-Jaar  (3)  developed  an  algorithm 
for  the  simplification  of  those  non-linear  system*  in  which  the 
nonlinearities  are  continuous  functions  of  the  statos  and  the 
inputs.  Their  technique  is  based  on  selecting  a  subset  of  the 
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nonlinearities  through  the  mi riizat ion  of  a  suitable  defined  error 
between  the  given  and  the  simpler  systems. 

In  this  report,  the  given  non-linear  system  is  first  replaced 
by  an  equivalent  system  in  which  the  signals  (both  linear  and 
non-linear)  are  replaced  by  an  orthonormal  system.  Then  a  subset 
of  this  orthonormal  set  is  selected  which  will  minimize  a  suitably 
defined  error  between  the  given  and  the  simplified  systems. 

A  simple  numerical  example  is  presented  to  illustiate  the  technique. 


II.  FORMULATION  OF  THE  PROBLEM 

Let 


be  a  given  system  where  0^*8  *eal  constants,  fA(x»u)  are 

continuous  functions  of  x  and  u,  x  -  (x1(t),  xjCt),  .  .  .  xn(t)  are  the 
states,,  u(t)  is  the  input.  Equation  (1)  can  bet  written  as: 


x  -  A.P 


where 


(2) 


*11  *12 

*21  *22  •••*  *21 


(jal  *n2  ••••  *nt 


A 


The  system  (2)  is  to  he  replaced  by  a  simpler  system  given  t,y 


x  *  B.Fr 


where 


’ll  b12 

•••  bl* 

’21  b22 

•••  b2„ 

nl  bn2 

.  . .  b 

nm 

(  X  ,  u ) ,  f 

(x,u),  . 

—  *  r2 

rn)  is  e 

subset 

b  *s  are  unknown  real  constants  to  be  determined  in  such  a  way  that 

a  suitable  error  betweon  (2)  and  (**)  is  minimized.  We  assume  thet 
the  relative  dominance  of  the  signals  f^'s  (2)  is  known  from 

physical  considerations  and  they  are  arranged  in  the  diminishing 
order  of  dominance  in  (2). 

Ill .  Definitions  and  Notation 

Pef :  Por  signals  (x,u),  f j(x,u), 

define  <fi(  fy  «  /**  dt  (7) 

where  [tltt2J  is  the  time-interval  of  interest  over  which  the 

approximation  is  desired. 

As  usual, 

i,.r  -  <fi*  v  (e) 


Mote  that  if  the  signals  f  ,  t  are  discrete,  then  f  ,  f 

i  J  i  0 

will  denote  the  ordinary  dot  product  of  discrete  vectors. 

IV.  DERIVATION  OF  THE  ALGORITHM 

Define  the  error  E  betveen  the  given  system  (2)  and  the 
simplified  system  (I4)  as  follows: 


*  W. 


E  « 

n  i< 1 

z  z 

k-1  It  1.1 

a 

a  f  -  £ 

kJ  J  A 

J*1 

Let 

A*  • 

{ri*  Tz * 

. . .  r 

m 

} 

and 

A  - 

{1,2,... 

Jt)  - 

l' 

Vote 

that 

ArtA*  *  0, 

empty 

set. 

b.  f 
kj  rj 


(9) 


(10) 


To  determine  the  optimal  parameters  by  minimising  E,  ve  first  replace 
f^'s  by  an  orthonormal  set  to  obtain  an  equivalent  system.  For  the 

moment,  we  assume  that  f^'s  are  orthonormal  and  prove  the  following 


proposition  to  determine  b 
Proposition 


ij 


If  the  signals  f^,  f  2 f ^  are  orthonormal,  then  the 
error  E  is  minimum  if 


1 


l 

and  the  minimum  value  of  E  is  given  by  Z  Da2 

k«l  j  f.A  XJ 
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Proof : 


From  (9)>  we  have 


n 

E  *  E  <E  (a.  . 
k=l  jcA* 


-  b, ,)  f  ,  +  £  a,4f4,  E 


kJ'  rj 


jeA 


kj  jeA«(akJ  “  bkJ)frj 


♦  1  VlY 

jeA  J 


n 
E 

k«l  jeA 


S  ,  *®kj  bkJ)  frj,  ^eA'(akj-bicj^frj  * 


+  ^  ^  ^r4  E  a  f  > 

jeA'  k*  r*'  JeA  Rk/j 

+  <  E  a  f  ,  E  a  f  > 

JeA  ^  JeA  ^ 


n 

£ 

k*l 


1  (an  -  b*i)l  ♦  2<0  +  5  mk» 
JeA’  kJ  kJ  JeA  ' 


(11) 


because  fj*e  are  orthonormal  and  AflAf»0.  From  the  form  of  E  given 
by  (ll),  it  ia  clear  that  E  is  minimum  if 


*kj  ■  • 3  e  A  * 1  * *  ^ n 


low  if  a.  .  ■ 


kj  -  V  3cA’*  13‘iB> 


then  E  is  given  by 
n 

E  -  E  I  a2 
k-1  ieA  kJ 


(12) 


Q.E.D. 


The  author  is  not  euro  if  the  propocition  ia  already  known  explicitly 
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NOTE 


The  above  simple  proposition  is  extremely  useful  as,  in  case 
f^’s  are  orthonormal,  the  error  E  has  a  simple  and  useful  form. 

A  careful  examination  of  E  given  by  (12)  shows  that  fer  the  purposes 
of  approximation,  the  ith  column  of  the  matrix  A  in  (2)  can  be 
thought  of  a  'weight'  of  t±. 

We  formalize  it  below. 

DEFINITION 

If  f^'s  in  (2)  are  orthonormal,  define 

n 

weight  (f.)  -  E  a2..,  1  <  j  <  A  (13) 

3  i«l  iJ 

Continuing  with  algorithm:  if  the  signals  in  (2)  are  orthonormal 
than  using  the  shove  proposition,  we  have  the  'weight'  of  each  of 
the  signals  represented  by  the  columns  of  A.  We  can  pick  the 
signals  whose  weights  are  maximum:  i.e.  we  delete  those  which  give 
us  the  error  within  certain  reasonable  limits. 

In  general,  for  a  given  system,  the  signals  f^,  ...  f&  are  not 
orthonormal.  In  that  case,  we  replace  f^'s  by  T^'s  by  the  Gram-Schmidt 
orthogonallsatlon  process  such  that  f^'s  srs  orthonormal. 

By  the  standard  Gram-Schmidt  process,  there  exists  a  lower 
triangular  txt  matrix  C  such  that 


V 

Y 

f2 

-  C, 

f2 

e 

e 

# 

1 

e 

e 

1 

e 

1 

f 

1  _ 

J 

Lt 

*M1 


Using  (15).  (2)  can  le  written  as 


x  *  A » C 


-1 


t  J 


(16) 


low  In  (i5)»  Y  s  are  orthonormal  and,  therefore,  the  columns  of. 

A  C"1  represent  the  Weights*  of  Y^s.  Using  the  proposition,  ve 
can  select  a  subset  of  Y^s  which  will  satisfy  the  error  specificati 
8inch  each  Y^  Is  a  linear  combination  of  f j,  1  <  J  <  i, 
ve  have  a  subset  of  f^s  which  vill  satisfy  the  error  specification. 
Summarising,  ve  hare  the  following  steps  in  the  algorithm: 


1.  Replace  the  given  set  of  signals  f^,  f ^ ,  •••  f ^  in  (?) 

ty  a  corresponding  set  Y1,Y2,**.,  Y^  of  orthonormal  signals 

obtained  by  the  Gram-Schmldt  process.  This  vill  give  us  a  new 
system  equivalent  to  the  given  one. 


2.  Using  tho  proposition,  select  a  subset  (Yw  ,  Y„  ,  . . .  Y  ) 

'b 


which  will  satisfy  the  error  constraints. 


3.  Replace  the  selected  subset  of  Y^s  In  terms  of  fj*a  to  get 
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Thus  the  error  will  be  2  if  ¥  ,  Y  are  selected  to  approximate 

9  1  d 


(17). 


Thus  the  approximating  model  is 
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VI.  DK8R0CHBRS  ARP  AL-JAAR  ALGORITHM 


In  this  section,  we  explain  the  recently  published 
algorithm  developed  by  Desrochers  and  Al-Jaar.£3j. 

Let  the  given  system  be  given  by  (2).  The  goal  is  to  select 

a  subset  { f  ,  f  ,  ...  f  )  of  f*,  ...  ,  f#)  so  that  the  error 

rl  r2  rm  1  Z  i 

as  defined  by  (9)  between  the  given  and  simplified  systems  is  minimum 
Since  an  m-element  subset  of  fg,  , f^>  can  be  chosen  in 


mj  vays>  it  in  vory  cumbersome  to  select  an  optima] 

Jt !  ( t  -  m)! 

subset  consisting  of  m  elements.  To  overcome  this  difficulty, 
Pesrochers  and  Al-Jaar  developed  an  algorithm  of  selecting 
the  subset  iteratively.  . 


Let 


be  a  one-term  approximanfc  of  (2)  where  b llt  b.^,  ...  *>nl  are 

unknovn  real  parameters  to  \u  optimally  determined.  The  error 
between  (2)  and  (23)  can  be  written  ns 
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Equating  to  aero  the  partial  derivative  of  Ej  w.r.t.  to  l»r| 


and  after  algebraic  »onipul«Uen,  we  ret 
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Substituting  (26)  into  ( M ) ,  vo  Got  the  mini.,,.™  value 


of  E, 


denoted  by  E^  and  given  by 


E* 
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Similarly  if  (2)  i8  approximated  by  one  term  model  f  ,  the 


corresponding  optimal  error  EJ  will  be  given  by 
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If  ti  It  tho  one  tera  optimal  approximant,  vo  have 
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After  algebraic  manipulation,  (89)  can  be  vritten  at 
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Equation  (30  )  it  extrer.i-ljr  Important  in  the  algorithm  of  Dearoclicro 
and  Al-Jaar  in  a,  much  «,  it  doridea  the  optimal  one  term  aW, 
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Define  A.  ~  £  (  E  a.  <1*  ,  f.  >) 
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IMf  <31> 

If  b11*  b21*  •  ••  bnJ  h«*e  the  optimal  parameters  whoa  fj  is  the  one 
term  optimal  approximant ,  to  cboo.se  the  second  approximating  signal, 
they  first  consider  the  system: 


'll 

*12 

—  &u’ 

r 

r* 

•V. 

bn 

“21 

*22. 

....a2t 

f2 

b 

2J 

• 

— 

e 

1 

- 

- 

e 

• 

mnl 

%2 

• 

f 

-x  . 

b 

nl  _ 

(32) 


To  choose  the  second  approximating  signal  fy,  they  work  with  *32  ). 
First  they  replace  f  ^ ...  f^,  fj  +  i»  •••  sic*1*!* 

*x.  C2*  •••»  *iel*  •••  **  euch  eucb  «  iM  orthogonal 

to  t j,  Then  they  chooao  the  second  approximating  signal  using  the 

criterion  (30  ).  This  iteration  goes  on  till  the  error  constraint 
is  satisfied. 


»  VIX  ,  SUMMARY 

i  «* 

In  this  report,  s  technique  of  simplifying  *  rless  of  nonlinear 
systems  in  which  the  signals  art  eon*  Inuons  functions  Is  presented. 
The  technique  is  b*»ced  on  obtaining  4  new  equivalent  to  th-* 

k 

i  given  system  by  replacing  the  given  signals  hy  **n  orthonor*** i 

i  sot  of  signals.  The  cu  tumor.  uf  the  anneeinted  tutrix  in  tin  u.-w 
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equivalent  system,  acting  at?  weights  of  tin*  orthonorwal  signals*, 
help  decide  the  election  of  n  subset  of  the  or thonorinnl  net 
that  will  approximate  the  given  system.  The  technique  is 
illustrated  by  a  numerical  example. 

The  related  simplification  technique  of  Dcsrochcra  at u* 

Al-Jaar  is  also  explained. 

VIII.  HEC0MKBHPATX01IS 

8ince  nonlinear  systems  are  of  great  use  to  the  U.B.A.F. , 
it  is  Important  that  efficient  and  accurate  techniques  of  obtaining 
simpler  nonlinear  models  of  nonlinear  systems  be  available. 

Not  much  work  has  been  done  in  this  direction.  This  summer, 

X  have  made  a  good  start  in  developing  a  simplification  technique 
for  nonlinear  systems.  But  due  to  the  short  period  of  tine, 
it  has  not  been  possible  to  apply  the  technique  to  harder  examples 
of  interest.  Vo,  thereforo,  m*Wv  the  following  recommendations! 

1.  Suitable  software  be  developed  so  that  the  technique 
developed,  in  this  report  be  applied  to  the  simplification  of 
examples  of  interest. 

2.  Tbe  technique  as  presented  in  this  report  assume*  that 
the  relative  dominance  of  the  nenlinearities  is  known  from 
physical  considerations.  Thus,  besides  the  simplification  technique, 
there  is  a  need  for  more  vork  to  be  done  to  analytically  determine 
the  relative  dominance  of  the  nonl incur! ties . 

,1.  There  is  a  need  to  apply  lb*  tcchniqu**  to  design  enmpnt*»» tors 
for  nonlinear  practical  ayate^s  of  interefi. 
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ABSTRACT 

Most  solid  propellants  consist  of  an  elastomeric  binder  containing  a 
high  volume  fraction  of  filler  particles.  The  propellants,  therefore, 
are  composite  materials  which,  under  deformation,  are  susciptible  to  micro- 
structural  damage,  crack  growth  and  fracture.  The  damage  occurs  mostly 
due  to  debonding  at  the  f iller/binder  interface,  and  fracture  may  result 
from  a  single  large  flaw  propagating  through  the  damaged  propellant  or 
from  the  coalescence  of  many  smaller  cracks  which  have  been  induced  by 
debonding.  The  deformation  of  a  solid  propellant  involves  nonlinear 
viscoelastic  effects  as  well  as  irreversible  deformation.  A  general 
theory  of  deformation,  failure  and  fracture  is  impracticle,  so  a  number 
of  assumptions  and  simplifications  are  made  in  order  to  develop  work¬ 
able  theories.  This  paper  reviews  some  of  the  current  thinking  on  failure 
and  fracture  in  solid  propellants. 
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Introduction 


Many  solid  propellants  are  composite  materials  consisting  of 
relatively  rigid  filler  particles  embedded  in  an  elastomeric  binder. 
These  propellants  are  highly  filled,  containing  perhaps  60  to  90Z 
filler,  and  as  a  result  the  filler/matrix  bond  is  the  primary  factor 
governing  mechanical  behavior  and  failure  properties  [1].  Newer,  high 
elongation  propellants  without  filler  particles  are  capable  of  strains 
up  to  several  hundred  percent . 

Experiments  show  that  solid  propellants  are  nonlinear,  viscoelastic 
materials  exhibiting  permanent  memory  effects  [1-3].  Two  types  of 
approaches  to  the  characterization  of  nonlinear  materials  have  been 
developed:  1)  a  rational  approach  in  which  a  mathematical  theory  is 
developed,  and* from  the  theory  appropriate  experiments  are  suggested  in 
order  to  completely  characterize  the  material;  and  2)  an  empirical 
approach  in  which  experimental  evidence  suggests  the  form  of  the 
constitutive  equations  [4].  The  first  approach  makes  use  of  multiple 
integral  equations  of  the  form  suggested  by  Green  and  Rivlin  [5],  but 
the  number  of  experiments  to  fully  characterize  such  materials  is 
usually  prohibitive  (6].  For  this  reason,  and  because  of  the  complexity 
of  solid  propellants,  the  latter  approach  is  normally  taken. 

In  service,  solid  propellants  experience  a  wide  variety  of 
stress-strain  and  temperature  histories.  These  histories  may  be 
constant  over  time  or  variable  at  different  frequencies.  The  complexity 
of  the  theory  needed  to  describe  the  propellant  will  depend  on  the 
complexity  of  the  stress  and  strain  states  to  which  the  propellant  is 
exposed  in  service. 

Most  analytical  studies  of  solid  propellants  use  linear  elastic 
constitutive  equations  in  finite  element  programs  such  as  TEXGAP  [7]. 
Linear  viscoelastic  analysis  has  also  been  used  [8,9],  but  the 
limitations  on  linear  viscoelastic  analysis  as  applied  to  propellant 
grains  are  not  well  defined.  Laboratory  tests  show  that  moderate  to 
large  deformations  produce  a  nonlinear  response  in  solid  propellants, 
but  the  extent  to  whieh  these  circumstances  exist  in  propellant  grains 
in  not  completely  clear  [10]. 

The  major  cause  of  nonlinear  behavior  in  solid  propellants  is 
associated  with  mechanical  damage  [1,3,11,12].  This  damage  is  usually 


attributed  predominantly  to  filler-binder  dewetting  (Mullin' s  Effect 
[13])  [1,3,15],  although  molecular  bond  scission  may  be  important  as 
well  [15 ].  Accumulated  damage  ultimately  leads  to  propellant  failure. 

Proper  characterization  of  the  damage  has  been  recognized  as  an 
important  step  in  characterizing  nonlinear  behavior  and  permanent  memory 
effects  [1,3].  This,  in  turn,  will  affect  the  failure  properties  as 
interpreted  by  fracture  mechanics  theories. 

Obiectives 

The  objective  of  this,  article  is  to  examine  current  research  on  the 
effects  of  large  deformation  and  nonlinear  viscoelastic  behavior  on 
failure  and  fracture  of  solid  propellant  materials.  As  already 
mentioned,  a  general  theory  for  nonlinear  viscoelastic  materials  is  too 
difficult  to  be  practical,  so  the  existing  nonlinear  theories  have  grown 
out  of  previous  linear  theories ^  This  means  that  the  nonlinear  fracture 
theories,  are  subject  to  certain  limitations  (e.g.  strains  which  are  not 
too  large  away  from  the  crack  tip,  thermorheologically  simple 
viscoelastic  behavior,  etc.).  These  assumptions  are  often  necessary  to 
make  the  theory  tractable,  but  the  assumptions  must  be  weighed  when 
applying  the  theories  to  real  materials*  More  will  be  said  about  this 
in  the  Suggestions  section.  . 

Failure  and  Fracture 

If  a  material  contains  no  macroscopic  flaws  or  cracks,  then  one 
normally  speaks  of  a  failure  criterion  for  which  some  quantity  reaches  a 
critical  value.  This  quantity  may  be  a  function  of  stress,  strain, 
temperature,  aging,  etc*  If  a  single,  macroscopic  flaw  ultimately 
propagates  and  causes  the  structure  to  fail  one  speaks  of  fracture,  and 
fracture  mechanics  is  used  to  analyse  this  situation* 

Smith  [16]  described  tensile  stress-strain  failure  properties  of 
elastomers  using  a  failure  envelope  which  was  independent  of  time  and 
temperature*  The  Smith  failure  envelope  has  been  shown  to  work  well  in 
describing  strain  rate  and  temperature  dependence  of  failure  in  solid 
propellants  [17]*  The  Smith  failure  envelope  assumes  that  damage 
accumulates  as  a  function  of  both  stress  and  strain  and  a  critical 


amount  of  damage  is  reached  at  the  boundary  of  the  envelope. 
Strain-cumulative  damage  criteria  have  also  been  used  to  predict  tensile 
failure  in  propellants  [17,18].  In  these  criteria  damage  is  assumed  to 
increase  linearly  with  applied  strain.  A  stress-cumulative  damage 
criterion,  however,  did  not  properly  predict  tensile  failure  in  solid 
propellants  [17].  Damage  energy  has  also  been  used  to  predict  uniaxial 
failure  of  solid  propellants  [15]. 

In  order  to  encompass  general  states  of  stress  in  a  failure 
criterion  the  concept  of  damage  must  be  generalized.  Schaeffer  [19] 
proposed  that  failure  would  occur  when  the  strain  energy  density,  W, 
reached  a  critical  value.  This  leads  to  an  expression: 
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stress: 
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j  t0CT  i*  the  octahedral  shear  stress: 

'too  *  l/fa-o-x)1  :<o- 

QT,  j  CT.  and  Qj  are  principle  stresses.  QT^  is  the  octahedral 
normal  stress  in  uniaxial  tension  (  C"0^T  s  (Tf/3 

and is  the  octahedral  shear  stress  in  uniaxial  tension  (  i.C.  &  ;3 ). 

Tire  and  temperature  effects  can  be  taken  into  account  by  evaluating 
through  the  Smith  failure  envelope  [19]. 

An  expression  for  the  Smith  failure  envelope  to  be  used  with  Eq. 

(1)  was  developed  from  the  experimentally  observed  relationship  between 
crack  growth  rate,  a,  and  the  mode  one  stress  intensity  factor,  Kj  [19]: 
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For  a  wide  distribution  of  flsws  the  becomes  essentially  continuous 
and  a  continuous  function,  S,  can  replace  the  in  Eqs.  (5)  and  (5a). 
It  is  more  convenient  to  define  a  new  damage  parameter  as  the  qth  root 


of  S  or: 


U 


This  is  the  weighted  Lebesque  norm  of  jOT  )•  Expressions  for  damage 
parameters  similar  to  Eq.  (6)  can  be  obtained  in  terms  of  the  strains  as 
well  as  the  stress.  This  was  originally  done  by  Farris  and  Fitzgerald 
124] . 

In  order  to  use  this  concept  of  a  damage  parameter  to  predict 
failure,  it  must  be  incorporated  into  a  constitutive  relation.  This  has 
been  done  to  obtain  nonlinear  constitutive  equations  for  solid 
propellants  [1,25*27]. 

When  accounting  for  damage-induced  failure  a  limited  number  of 
flaws  will  ultimately  grow  to  produce  final  fracture.  By  following  the 
growth  of  these  cracks,  the  concepts  of  fracture  mechanics  can  be  used 
to  predict  failure  times  [26]. 

SchapsrVs  Theory 

Schapery  [26]  uses  the  damage  function  in  Eq.  (6)  to  derive  an 
expression  for  the  probability  of  failure  of  a  nonlinear  viscoelastic 
material.  The  result  is: 
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where  5a  **  the  reduced  failure  time  (i.e.  * (l/QT)  ),  n  and  q 

are  constants  (q  *  2(1  +  1/n)).  M  is  a  function  of  aging  (M«l  for  no 
aging)  and  pg  represents  a  distribution  function  for  the  ''worst"  flaw 
which  exists  in  each  specimen  of  a  large  number  of  specimens.  By  worst 
flaw  is  meant  that  flaw  which  ultimately  leads  to  failure.  In  order  to 
calculate  failure  times  one  must  evaluate  n,  pg,  M  and  a?  from 
experimental  data  (e.g.  uniaxial  creep  tests)  and  then  apply  Eq.  (7)  for 
a  particular  probability)  p(J^). 


Theory  of  Bills 


Bills  and  coworkera  proposed  a  semiempirical  theory  for  fracture  of 
nonlinearly  viscoelastic  propellants  [14,28].  This  theory  is  based  on 
the  experimentally  observed  relationship  between  relaxation  modulus, 

E(t)  and  fracture  stress,^.  It  produces  an  equation  of  the  following 
form: 


*3 


where  *gainf  the  reduced  failure  time  (tf/ay),  QT(J^)  is  the 

uniaxial  failure  stress,  0^  is  the  stress  below  which  failure  does  not 
occur  and  Og  is  the  glassy  (i.e.  low  temperature)  failure  stress  which 
is  essentially  constant.  E(  j^/q)  is  the  relaxation  modulus  at  time 
5s '  *  **  *°  •*P*r*cal  shift  factor;  Bc  is  the  equilibriise  modulus 
and  Bg  the  glassy  modulus. 

Eq.  (8)  can  be  expressed  in  terms  of  fraeture  mechanics  parameters 
by  expressing  CT^  in  terms  of  the  Griffith  expression  as: 


where  K  is  a  constant,  V  the  fraeture  energy  per  unit  area  of  new  crack 
surface  and  C  is  the  crack  length.  Then  Eq.  (8)  becomes 

[E(Vl>-Ej*  (9  b) 
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Eq.  (8b)  is  «  viscoelastic  fracture  criterion  which  contains  the 
Griffith  criterion  as  a  special  case. 

Fracture  Mechanics 

When  a  material  contains  a  macroscopic  flaw  and  the  applied 
stresses  and  strains  cause  this  flaw  to  propagate  to  fracture,  then  the 
principles  of  fracture  mechanics  are  more  applicable  to  the  failure 
process.  The  fracture  mechanics  approach  attempts  to  characterise  the 
mechanical  state  of  the  material  at  the  crack  tip  and  relate  this  to  the 
propagation  of  the  crack. 

One  can  characterise  this  region  in  terms  of  the  stress  magnitude 
as  measured  by  the  stress  intensity  factors,  Kj,  Kxi  and  Kjxx  [29]  or  in 
terms  of  the  energy  needed  to  propagate  the  crack.  The  latter  method 
‘takes  a  masber  of  different  forms  such  as  energy  release  rates  [30],  a 
thermodynamic  power  balance  [31]  and  the  J  integral  [32,33]. 

Linear  elastic  analyses  of  solid  propellants  usually  make  use  of 
stress  intensity  factors  [21,34].  Linear  viscoelastic  analyses  have 
used  the  thermodynamic  power  balance  [31]  and  stress  intensity  factors 
[20].  For  nonlinear  analyses  of  propellants  subjected  to  large 
deformations  the  thermodynamic  power  balance  approach  has  been  used  [35] 
and,  more  recently  the  J  integral  method  [22,23]. 

Hufferd*s  Theory 


\\ 
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Hufferd  and  coworkers  [35]  proposed  a  theory  for  crack  growth  in 
nonlinear  viscoelastic  materials  obtained  from  the  thermodynamic  power 
balance  approach.  This  theory  is  based  on  a  nonlinear,  permanent  memory 
constitutive  equation  [36]  and  results  in  an  integro*differential 
equation  relating  crack  growth  rate  to  the  state  of  stress  and  strain  in 
the  vicinity  of  the  crack  and  to  the  specific  fracture  energy.  For 
general  stress  states  and  crack  orientations  the  governing  equation  is 
difficult  to  analyse.  However,  by  making  certain  simplifications  to  the 
theory  a  simple  crack  growth  formula  results: 
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where  s(t)  tad  t(o)  tre  the  crick  lengths  it  tines  t  end  zero, 
respectively  sad  P  is  the  frscture  dissipstioa  power.  Ia  priaciplet  P 
csa  be  evaluated  from  the  theory,  but  ia  practice  it  is  an  empirical 
quantity. 

The  theory  was  generalised  to  account  for  more  complicated  states 
of  stress  by  introducing  a  damage  parameter,  d,  incorporating  the 
loading  history,  a: 

d(0-  [Slfo-S)  *  (10) 

where  Ij  and  I2  are  first  *ad  second  strain  invariants  of  the 
inf ini teas  ins l  strain  tensor. 

In  terms  of  d,  Eq.  (9)  can  be  written: 

X  =  cosh  [C  (JT  -  jdT )]  (") 

where  dc  ia  a  critical  value  of  the  damage  parameter  and  C  ia  an 
empirical  quantity  depending  on  the  relaxation  modulus  and  the  specific 
fracture  energy.  The  theory  haa  been  quite  successful  in  predicting 
constant  strain  rate  crack  growth  in  uniaxial  and  biaxial  teats  on  solid 
propellants  [3S]« 


E.  A.  Schapery  haa  published  perhaps  the  moat  extensively  developed 
theories  of  fracture  ia  nonlinear  viscoelastic  Materials.  For  this 
reason  his  theory  will  be  outlined  in  some  detail. 

Schapery  applied  the  J  integral  method  to  crack  growth  in  nonlinear 
viscoelastic  materials  subjectsd  to  potsntially  large  deformations 
(21,23] •  The  nonlinear  theory  involves  the  use  of  pseudo  strains  in 
order  to  solve  the  Hscoelastic  problem  in  terms  of  a  rsfsrsace  elastic 
problem.  The  pseudo  strain,  £*  ,  is  defined  in  terms  of  the  actual 
strain,  ,  through  a  hereditary  integral  as  follows: 

£'  1  i.CE(t'v)irdT  03) 


where  Che  Cerme  in  Eq.  (17)  refer  Co  Fig.  1.  ia  a  curve  coanecting 
Che  bottom  creek  surface  (pc • 1 )  counCerclockwise  Co  Che  top  creek 
surface  (pt.2);  ds  is  ea  increment  of  length  along  Cj;3  is  the  pseudo 
strain  energy  density;  T£  are  the  surface  tractions  applied  across  C£ 
and  U£*  are  Che  pseudo  displacements: 


Jr  is  path  independent  [32]  so  it  must  be  equal  Co  another 
integral,  Jf  defined  as: 


where  Cj  is  a  curve  from  pt.  1  to  pt.  2  immediately  adjacent  to  the 
crack*  For  a  relatively  long,  slender  crack  the  first  ten  in  Eq.  (19) 
will  be  negligible  compared  Co  the  second,  so  that  for  an  opening  mode 
stress  state 


where  3  defines  a  new  set  of  axes  relative  to  the  eraek  tip,  and  e(  is 
the  lengCh  of  the  crack  (i*e*  the  damage  tone)  (see  Fig.  1).  In  Eq. 
(20)  is  the  displacement  irtiich  initially  adjacent  material  points 
undergo  as  the  crack  advances. 

In  order  to  detenine  the  time  to  initiate  a  erack,  t£,  Schapery 
assumes  that  the  failure  stress  distribution,  0^,  is  constant  along  the 
crack  and  can  be  denoted  by  C^.  Then  Eq.  (20)  becomes: 


T 


3S 


ITmili 


z* 


where  A’jJ***  opening  displacement  of  the  reference  elastic  problem 
at  J*  •<  Since  Jf  •  Jv  then  A  TV/*C^  *od  the  time  dependent 

creek  opening  displacement  is  given  by  the  inverse  of  Eq.  (IS): 
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where  E(t-tjt)  it  Che  reltxtcioa  modulus  which  sty  depend  on  aging  at 
indicated  by  the  second  t  in  parentheses  end  Eg  is  e  constant  termed  the 
reference  aodulut  *  The  inverse  of  Eq.  (13)  gives  the  actual  etrein  in 
terse  of  the  pseudo  strain: 


where  D(t-^t)  is  the  creep  compliance. 

A  consideration  of  a  stress  relaxation  experiment  reveala  the 
usefulness  of  the  pseudo  strain  concept.  For  stress  rs taxation  (i.e*  Sij 
constant  after  t  ■  0)  Eq.  (13)  becomes: 


but 


* 


Eq.  (15)  shows  that  the  pseudo  strain  has  the  saae  tiae  dependence 
as  the  stress.  Eq.  (13).  therefore,  has  the  effect  of  separating  the 
viscoelastic  effects  froa  the  constitutive  equation.  At  any  given  time 
the  stress.  OT^  .  is  related  to  the  pseudo  strain,  ,  by  the  aaae 
nonlinear  constitutive  equation.  One  can  then  solve  a  nonlinear 
viscoelastic  problea  by  first  solving  the  reference,  nonlinear  elastic 
problea  in  terms  of  the  pseudo  strains.  The  nonlinear,  elastic  problea 
can  be  solved  by  introducing  the  pseudo  strain  energy  density,  £ 
analagoua  to  the  strain  energy  density  in  a  purely  elastic  solution: 


<?;j  = 


oo 


A  theory  for  the  fracture  of  nonlinear  viseoelastie  material  can 
then  be  developed  by  incorporating  the  reference  elastic  solution  into 
the  J  integral. 

The  J  integral  as  originally  defined  by  lice  (32,33)  applied  to 
aateriala  which  were  linearly  elastic  away  froa  the  vicinity  of  the 
crack  tip.  For  a  viscoelastic  material  Schapery  usrs  the  J  integral 
evaluated  for  the  reference  elastic  solution.  The  result  is: 


j,  * 


(n) 
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If  a  crack  opening  criterion  governs  crack  initiation  then  the  time 
to  initiate  failure,  t£,  can  be  calculated  by  setting  d  to  a 
critical  crack  opening  deformation, 

T  •  -  ■  *r  > 

A  t_  -*  JQ  ^:'r‘sO  yf  ^Z/ 


If,  however,  crack  initiation  is  governed  by  an  energy  criterion 
then  one  has: 


where  9V  and  AU„  are  the  stress  and  deformation  of  a  column  of 
material  at  J  s.  c*  .  When  the  work  done  per  unit  area  on  this  column 
equals  a  critical  value,  2  !\ »  the  crack  will  propagate.  For 
and  u.ing  Bq.  (18b),  Bq.  (23)  bacones: 


3 

at 


Crack  growth  velocity  can  also  be  determined  using  an  approach 
similar  to  crack  initiation.  The  crack  will  propagate  when  the  work 
done  on  a  column  of  material  ahead  of  the  crack  tip  reaches  a  critical 
value.  This  results  in  an  expression  similar  to  Sq.  (23): 


where  the  integration  is  now  over  the  failure  sone,  <X,  and  the  fracture 
energy  for  propagation  is  2T.  Once  again  using  Bq.  (18)  one  finds  the 
time-dependent  crack  opening  displacement,  &’d2,  substitutes  this  into 
Bq.  (25)  to  predict  the  time  to  propagate  the  crack  a  distance,  o(* 
Schapery  simplifies  this  approach  considerably  by  assuming  that 
and  a,  the  crack  growth  velocity,  are  constant  during  the  time  interval 
*  *ad  that  6U2  ia  Bq.  (18)  simplifies  to: 
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A'i!=  ERD(k«/5)t)AU^  in) 

where  fc  ~  !  /3 

with  these  assumptions  Eq.  (25)  becomes: 

^->3  =  2P 

However,  from  Eq.  (20)  this  becomes: 

E*  0(^/5; t)  jv  =  ip  (za) 

For  «  power  law  creep  compliance  (i.e.  D  -  D0tn)  and  no  aging  Eq. 
(28)  results  in  an  expression  for  a  as  follows: 

K*  J»* 

A  Jv1 

The  exponent,  q,  depends  on  the  relation  between  Jv  and  o<  the 
constancy  of  A  depends  on  the  constancy  of  the  fracture  energy,  P.  Eq. 
(30)  is  the  same  as  Eq.  (3)  which  forms  the  basis  of  the  nonlinear 
damage  function. 

Although  the  general  theory  is  fairly  well  developed,  its 
applicability  depends  on  a  siseable  amount  of  experimental  characteri¬ 
sation.  More  will  be  said  about  this  in  the  final  section. 

Conclusions  and  Suite st ions 

As  a  result  of  studying  the  effects  of  large  deformation  on 
fracture  in  solid  propellants  a  number  of  conclusions  and  suggestions 
seem  appropriate.  These  are  sumiarised  as  follows. 

1.  Nonlinear,  large  deformation  fracture  mechanics  theories  should 
continue  to  be  developed  and  applied.  This  is  especially  true 
considering  the  development  af  high  elongation  propellants. 

2.  Experimental  studies  should  be  continued  i)  to  provide  necessary 
data  for  nonlinear,  viscoelastic  analysis,  ii)  to  evaluate  the 
correctness  of  existing  nonlinear  theories  and  iii)  to  dilineate  the 
boundary  between  the  simpler  linear  theories  and  the  mor«  complex 
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nonlinear  ones.  In  many  situations  linear  viscoelastic  and  even  linear 
elastic  analysis  may  be  sufficient.  Experimental  evidence  from 
multiaxial  testing  will  indicate  what  type  of  theory  will  be  required  in 
individual  cases.  In  this  context  linear  fracture  theories  should  also 
continue  to  be  developed  and  applied. 

3.  As  part  of  the  experimental  examinations  some  analysis  should  be 
made  to  determine  to  what  extent  solid  propellents  actually  experience 
nonlinear,  large,  viscoelastic  deformations  in  rocket  motor 
configurations.  Some  analog  failure  studies  have  begun  to  make  these 
analyses  [37-39]. 

4.  In  depth  investigations  should  be  made  to  characterise  the  failure 
sone  in  front  of  the  crack  tip.  Since  this  sone  is  directly  responsible 
for  crack  growth,  it  is  important  to  understand  its  behavior  and 
morphology.  Such  studies  may  involve  microscopy,  ultrasonics,  x~r*y 
analysis,  etc.  Attempts  to  characterise  the  failure  sone  using 
ultrasonics  have  already  begun  [40]. 

5.  Nonlinear,  large  deformation  finite  element  programs  (e.g.  TEXLESP) 
should  be  extended  to  analyse  fracture  in  such  materials. 

6.  Aging  effects  should  be  income rated  into  the  fracture  mechanics 
approach.  This  is  especially  true  when  large  deformations  are  involved. 
The  sensitivity  of  elastomers  to  environmental  aging  is  greatly 
increased  by  strain,  and  this  will  be  an  important  factor  affecting 
crack  growth. 

Nonlinear  viscoelastic  theories  for  fracture  analysis  in  materials 
subjected  to  large  deformations  are  quite  well  developed.  The  theory  of 
Schapery  is  probably  the'  most  highly  developed.  It  appears,  however, 
that  the  biggest  obstacle  limiting  the  application  of  such  theories  is 
the  lack  of  experimental  characterisation  of  the  materials. 

Characterisation  of  crack  growth  in  nonlinear,  viscoelastic 
materials  over  large  strain  ranges  involves  a  considerable  experimental 
program,  but  until  such  characterisation  is  done,  existing  theories 
cannot  be  applied  or  refined.  In  light  of  the  trends  toward  high 
elongation  propellants  such  studies  are  clearly  important. 
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I.  INTRODUCTION 


Current  trends  in  air-to-air  warfare  indicate  a  need  for  highly  ma¬ 
neuverable  bank-to-turn  (BTT)  missiles  [1].  The  autopilot  for  such  mis¬ 
siles  must  generate  coordinated  roll  and  acceleration  responses  while 
subjected  to  widely  varying  engagement  conditions.  To  the  present  time 
there  has  not  been  a  concentrated  effort  to  apply  modern  control  theory 
to  the  design  of  the  autopilot.  Modern  control  theory  requires  the  ac¬ 
curate  measurement  or  estimation  of  the  system  states.  The  Extended 
Kalman  Filter  (EKF)  and  similar  filters  have  proven  to  be  quite  useful 
in  state  and  parameter  estimation  [2],  [3]. 

The  design  of  most  missile  autopilots  has  been  based  on  small  per¬ 
turbation  theory  and  a  gain  scheduling  technique  to  insure  stability  un¬ 
der  the  rapidly  changing  flight  conditions.  An  overview  of  one  such 
adaptive  scheme  is  given  in  Appendix  A.  However  some  researchers  [4], 

[5]  have  begun  to  combine  the  optimal  and  classical  approaches.  Their 
experience  has  been  that  modern  control  theory  works  well  for  coupled 
systems  but  high  frequency  effects  can  cause  problems.  An  earlier  study 

[6]  of  modern  control  techniques  for  the  design  of  missile  autopilots 
recommended  the  EKF  for  parameter  estimation  in  conjunction  with  adaptive 
pole  assignment  as  a  viable  approach. 

II.  OBJECTIVES 

The  overall  objective  was  to  study  the  design  of  autopilots  for  BTT 
missiles,  in  particular  the  application  of  modern  control  and  estimation 
theory.  The  approach  taken  to  achieve  this  objective  was: 

•  Make  a  literature  research  on  current  practices  and  design. 


Study  the  mathematical  model  of  a  typical  missile. 


Apply  optimal  control  and  estimation  theory  to  improve  the  design. 


A  key  to  design  using  modern  control  theory  is  an  accurate  estimate 


of  the  system  states.  The  Kalman  Filter  is  the  most  used  technique  to 


obtain  accurate  estimates  of  a  system's  states.  Also,  in  missile  auto¬ 


pilots,  the  fin  effectiveness  gains,  which  change  with  flight  conditions, 


must  be  known  rather  accurately  to  ensure  stability  under  all  flight  con¬ 


ditions.  This  is  a  parameter  estimation  problem  for  which  the  Kalman 


filter  Is  well-adapted.  Thus  the  research  effort  was  concentrated  on  how 


to  best  apply  a  Kalman  Filter  to  estimate  the  missile  states  and  certain 


critical  parameters. 


If  successful  the  Kalman  Filter  could  replace  the  adaptive  autopilot 


network  described  In  Appendix  A.  Further,  the  states  would  be  available 


for  the  feedback  required  in  applying  modern  control  theory.  However 


this  Is  not  a  simple  task  since  the  missile  equations  of  motion  are  non¬ 


linear  and  the  parameters  change  as  the  missile  maneuvers. 


III.  THE  EXTENDED  KALMAN  FILTER  (EKF] 


There  are  a  number  of  textbooks  describing  the  EKF ;  for  example. 


references  [7]-[11].  Reference  [3]  is  a  special  issue  of  the  IEEE  Trans¬ 


action  on  Automatic  Control  that  is  dedicated  to  the  applications  of 


Kalman  filters.  The  notation  used  herein  is  taken  from  the  text  by  Gelb 


(Reference  7). 


The  system  is  modeled  as  follows: 


x(t)  *  f(x(t),  t,  u(t ) )  ♦  w(t) 


* •yS-lyivS-N 


v££$$-s--; 


where  w(t)  ~  N(0,  Q) 

x(0)  ~  N(x(0),  PQ) 

The  measurement  at  discrete  times  is: 

h  =  V  +  h 

where  '  N(0,  R^) 


To  apply  the  filter  it  is  necessary  to  model  the  system  as  a  linear, 
discrete  system.  First,  to  linearize  the  equations: 

x(t)  ■  F(t)x(t)  +  w(t) 

h  * H  A  +  4 


where 


af 

F<V  “ 


|X  *  x(tk) 
t  -  t. 


ah 


*  * 

t  •  t. 


Next  the  continuous  equation  is  converted  to  a  difference  equation, 


Vl  ’  Vk  *  Vl 


s 


■fc 


The  matrix  as  well  as  the  process  noise  covariance  matrix, 

Qk  • 
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.  .  k  *  m-  »  J  •  •  •  *j*  ‘  •  •  *  *  •  • 

Vvv.V\\%  •  V ^  v  * .** 


are  needed  in  the  filter  equations.  A  number  of  techniques  to  compute 
♦k  and  Qk  were  evaluated.  The  simplest  is  the  one  step  Euler  Method. 

*k  =  I  +  At  F(tk) 

Qk  *  At  Q(tk) 

Several  problems  arise  in  applying  the  filter.  All  mathematical 
models  are  in  error  since  some  effects  must  be  neglected  so  the  system 
model  can  be  reduced  to  a  manageable  set  of  equations.  Some  parameters 
may  be  known  only  approximately.  Statistical  information  on  the  noise 
present,  particularly  the  process  noise,  is  usually  not  available.  The 
presence  of  these  Inaccuracies  cause  degradation  in  the  performance  of 
the  filter,  possibly  to  the  extent  that  the  errors  increase  without  bound. 

The  references  list  some  corrective  actions  that  can  be  taken  to  Im¬ 
prove  performance  but  emphasize  that  what  works  In  one  case  may  not  apply 
to  another  system;  some  tuning  or  "fiddling"  will  be  required.  Also  engi¬ 
neering  Judgement  based  on  familiarity  with  the  system  will  be  required  If 
pitfalls  are  to  be  avoided. 

Some  of  the  corrective  actions  to  avoid  poor  performance  by  the  fil¬ 
ter  are  listed. 

•  change  the  process  noise  statistics 

•  adaptive  adjustment  of  noise 

•  finite  memory  -  over  weight  the  most  recent  data 

•  exponential  weighting  of  the  data 

•  parameter  estimation  (and  thus  state  estimation)  is  improved  by 
appending  the  parameter  as  a  state 

-  change  measurement  noise  statistics 
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In  particular  Gelb  [7]  suggests  that  the  variance  associated  with  a  pa 
rameter  be  set  at 


chance  expected  in  parameter  in  At 


There  are  also  variations  of  the  filter  equations  such  as  square  root 


filtering  and  more  complex  models. 


IV.  APPLICATION  OF  THE  FILTER  TO  MISSILES 


Initially  the  Kalman  filter  equations  will  be  applied  to  a  simplified 
set  of  missile  equations.  Computer  time  for  a  run  will  be  short  and  the 
results  can  be  compared  to  a  “truth"  model.  The  simplified  models  will 
be  used  to  determine  an  appropriate  sampling  time  and  to  tune  the  filter; 
that  is  adjust  the  initial  state  estimates  and  the  process  noise  and  mea¬ 
surement  noise  statistics  for  best  performance.  As  satisfactory  perfor¬ 
mance  is  achieved  more  complex  system  models  will  be  used. 

Step  1.  A  simplified  set  of  longitudinal  missile  equations  of  motion  will 
be  programmed.  To  avoid  table  look  up  the  stability  derivatives  will  be 
approximated  as  linear  functions  of  the  missile  velocity.  The  equations 
are  given  in  Appendix  B. 

Step  2.  Same  as  Step  1  except  that  the  lateral  equations  of  motion  will 
be  programmed.  These  are  also  given  in  Appendix  B. 

Step  3.  The  six-degree-of-freedom  (6  DOF)  missile  equations  of  motion 
will  be  used.  The  stability  derivatives  will  be  approximated  as  before 
and  angular  rates  will  be  kept  small  so  body  transformations  to  inertial 
coordinates  are  not  required. 


.***,  ♦’.  \  VwV  .  •  ,'V-  V  ' 
Vv  .\V- v V v 


■-  S*V;.V. 

V. I*. 


Step  4.  The  Armament  Division  in-house  BTT  missile  simulation,  flying  a 
typical  trajectory,  will  be  the  model  for  application  of  the  Kalman  Fil¬ 
ter. 

V.  SIMULATIONS 

An  EKF  was  designed  for  a  second-order  linear  system  with  one  time 
varying  coefficient.  This  coefficient  was  appended  to  the  states  re¬ 
sulting  in  a  third-order,  time  varying,  nonlinear  system.  The  accompa¬ 
nying  report  [12]  by  Mr.  Norman  Tew,  "Parameter  Estimation  via  Kalman 
Filtering  for  Use  in  Bank-to-Turn  Missile  Autopilot  Design",  gives  the 
results  of  these  simulations. 

VI.  RECOMMENDATIONS 

The  simulations  made  using  a  low-order  time  varying  system  Indicate 
that  the  addition  of  the  time  varying  parameter  as  a  state  improves  the 
performance  of  the  Extended  Kalman  Filter.  Follow-on  research  recommended 
is  to  proceed  according  to  the  steps  outlined  in  Section  IV  of  this  re¬ 
port.  A  complete  set  of  equations  with  numerical  values  is  given  In 
Appendix  B.  The  procedure  is  to  program  the  equations  and  make  simula¬ 
tions  to  tune  the  filter.  The  effort  should  begin  with  the  "truth"  sys¬ 
tem  model  and  the  model  used  in  the  filter  being  in  exact  agreement.  Then 
mismatches  can  be  introduced  and  the  resulting  degradation  in  .performance 
and  possible  corrective  action  can  be  studied.  As  successful  designs  are 
achieved  the  "truth"  model  can  be  made  more  complex. 
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APPENDIX  A 


Overview  of  Rockwell  Autopilot 
Adaptive  Network 

The  bank-to-turn  missile  autopilot  described  in  [13]  uses  an  adaptive 
network  to  maintain  the  gains  at  the  crossover  frequency  of  each  control 
loop  at  a  constant  or  almost  constant  value,  thus  achieving  stability  at 
all  flight  conditions.  This  is  accomplished  by  adding  a  sinusoidal  in¬ 
put  Wither  signal)  to  the  yaw  rate  loop  at  the  crossover  frequency.  The 
open-loop  gain  is  measured  at  the  crossover  frequency  and  this  is  used  to 
generate  a  signal  labeled  K^.  Linear  functions  of  Kr  are  used  to  sched¬ 
ule  all  the  loop  gains  in  the  autopilot. 

The  inputs  to  the  adaptive  network  are  the  yaw  rate  loop  error  signal 
and  the  yaw  rate  gyro  output.  These  two  signals  are  fed  to  identical 
band-pass  filters  to  recover  the  sinusoidal  component.  Each  is  then  fed 
to  a  full-wave  rectifier  and  the  difference  through  a  noise  filter  to  a 
lag  network.  Let  this  signal  be  re’rg  where 

r  *  constant  x  yaw  rate  error  signal 
e 

r  »  constant  x  yaw  rate  gyro  output 
9 

Kr  is  generated  with  the  lag  network  shown  in  Figure  A-l. 


Figure  A-l.  <r  tag  Network 
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If  the  dynamics  are  neglected  then  the  inputs  to  the  integrator  must 


sum  to  zero.  This  yields 


K.  -  O  -  /)  +  K  (A-l) 

r  \  re  r0 

where  r Jr  is  recognized  as  the  open-loop  gain  at  the  crossover  fre- 
9  e 

quency.  Let  -3-  =  KK  K  where 
r  r  c  m 


Kc  s  the  fixed  control  gains  at  the  crossover  frequency 
=  the  missile  gain  at  the  crossover  frequency 


The  purpose  of  the  adaptive  scheme  is  to  generate  Kp  so  is  a  con¬ 
stant.  Solving  (A-l)  for  K  , 


K  +  r  /Kt 

r0  e  h 

K  ^ 

i  +  -S-S- 


I 


2 


(A-2) 


If  the  second  denominator  term  is  much  larger  than  unity,  then  K.  is  pro¬ 
portional  to  1/K.K^,  the  desired  objective. 

Based  on  small  perturbation  theory  the  control  effectiveness  gains 
at  the  crossover  frequencies  are 


Cn  q  S£ 

v'-i  •  if  ■  -js— - 


O)  I 
c  y 


Sn(pitch)  s  2q 


s  =  _js. 


Cm.  q-S* 
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m 


As  can  be  seen  in  Figure  A-2,  |C  |  and  |c  |  are  quite  similar 

or  m6q 

in  form  with  (C^  |  somewhat  different.  As  a  consequence  the  multiplier 


in  the  roll  loop  is  a  more  involved  function  of  K  than  that  for  the 

r 


pitch  loop. 


82-13 


v”  v*  •»’  •_*  %'_•«  . N  “.  s  ,%  A.*'!  A  »  *  fc  V 


¥ 


APPENDIX  B 

Simplified  Equations  of  Motion  for  the 
Bank-to-Turn  Missile 

The  simplified  longitudinal  equations  of  motion  are  based  on  the 
three  equations, 

m[U  +  wq]  =  ma^  =  (Cx  +  C^lq^  S  +  Thrust 

m[w  +  Uq]  =  ma  =  (C  a  +  C  6q)  q  S  +  mg 

x  z  Z .  00 

a  6q 

ly  (Cm  +  V  +  _2V~  q)  q-  S‘ 

which  are  taken  from  [1].  The  notation  is  that  in  general  use  with  the 
standard  set  of  units. 

Initial  conditions: 

U(0)  =  900  ;  h(0)  =  10,000  ;  pQ  =  .1756xl0'2 

a(0)  =  5®  ;  w(0)  =  -40  ;  q(0)  «  0  ; 

«q(0)  =  -1® 

Parameters:  m  =  m(0)  =  5.75 
Iy  =  Iy(0)  =  34.1 

The  C’s  are  approximated  as  linear  functions  of  using  data  from 
the  tables  in  [1].  Thrust  =  9250 

0  <  t  <  .6  sec 

The  "truth11  model  for  the  longitudinal  dynamics 

u  =  -wq  +  [-1300  +  .35  Vj  ( .04) ( 10‘6)V2  +  1610 


-i. 


B 


fi 

v 

H  « 


a 


a 


I 

s 


y.% 


V  ,N 
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w  =  Uq  +  [(-44000+3  V  )  g  +  (-200+.04  VJ<5  1( ,04)10'6V2+32. 17 

u  m  q  m 

(-4400+.8V  ) 

q  =  [-1300+.35  y(-1200+.2  Vjy  - - Oil  q] ( . 0045 ) ( 1  O’6 )V| 

where  =  U2  +  w2  ;  a  =  g 

and  6q(t)  ls  an  fnput  to  be  specified. 

Measurements,  the  longitudinal  dynamics 

■ 

(,-1800+. 35  Vm)(.04)(10'6)V2+1610 
£(-44000+3  Vm)  Jf  +(-220+. 04  Vm)«q](.04)(10*6)V2+32.17 

J 

The  simplified  lateral  equations  of  motion  are  also  taken  from  [1], 
m[0  -  Vr]  ■  max  •  (Cx+CxT)q_  S  +  Thrust 


■t*  +  Ur]  ■  ma  *  (C  B  +  C  6) q  S 
X  yB  V  r  “ 


V  *  K 


B  +  C. 


«P 


V 


p]q  •  st 


m 


rzr 


[C  B  +  C 


"ir  +  ~nr 


St 


Initial  conditions: 


U{0)  =  900  ;  h(0)  =  10.000 

o(0)  *  0  ;  «p(0)  =  0 

V(0)  »  0  :  d(0)  =  0 


0O  *  . 1 756x 1 0-2 


6r(0)  *  0 


;  B(0)  =  0 


Parameters: 


m  =  m(0)  *  5.75 


I2  =  Iz(0)  =  34.1 


Ix  -  Ix(0)  -  .34 


As  for  the  longitudinal  set  of  equations,  the  C's  are  approximated 
as  linear  functions  of  Vm  using  data  from  the  tables  in  [1],  Th-ust  =  9250 


0  <  t  <  .6  sec 


The  “truth”  model  for  the  lateral  dynamics 

0  *  +Vr  +  [-1800+.35  Vj(.04)10‘6V2+1610 

^  -  -Ur  +  [215-.04  VJUMJOO'V 


.  r/  (-1715-. 12  V  )  p 

P  -  E ( 1 88- . 028  Vm)«p+ - p - 9 — ](.45)(10'6)V2 

m  10 


r  *  [(82100-21.2  VJ  £  +  (-1188+.22  V  )  «r 


+(-4620+Q?  V  )  n-j( .0045)(10’6)V2 
*m  m 

Measurements,  the  lateral  dynamics 


(-1800+.35  V _) ( . 04 ) ( 1 0~6)V2+1 61 0 
m  m 

(215-.04  VJ(.04)(10'6)V  6 
m  ni  r 
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I.  INTRODUCTION: 

This  report  summarizes  the  findings  of  an  exploratory  analysis 
of  student  pilot  selection  data  conducted  for  the  Aircrew  Selection 
and  Classification  Function  of  the  Air  Force  Human  Resources 
Laboratory  (AFHRL)  at  Brooks  AFB,  Texas.  A  detailed  discussion  of 
the  procedures  and  findings  of  the  entire  Investigation  would  be 
quite  lengthy  and  Is  not  given;  rather  an  overview  of  the  study 
methods  Is  provided,  supported  by  specific  results  which  typify  the 
procedures  used  and  results  obtained.  The  considerable  volume  of 
numerical  results  generated  by  the  exploratory  approach  cannot  be 
displayed  In  the  report.  Instead,  computations  are  contained  In 
several  unattached  appendices  consisting  of  computer  printouts. 
Contents  of  these  Indexed  appendices,  listed  at  the  end  of  this 
report,  constitute  a  "trail"  of  the  overall  study  by  which  the  steps 
of  the  analysis  may  be  followed.  Throughout  the  report  references 
to  relevant  Items  In  the  appendices  will  be  made  parenthetically  as 
an  appendix  letter  designation  followed  by  an  Item  number;  e.g.,  the 
notation  "(C-7)"  directs  the  reader  to  Appendix  C,  Item  7. 

Data  used  In  this  study  were  compiled  and  edited  at  AFHRL  as 
part  of  Phase  I  of  the  Pilot  Selection  and  Classification  project. 
Ample  documentation  of  variable  codes,  names  and  labels  Is  on-hand 
at  AFHRL  and  will  not  be  reproduced  In  this  report.  The  variable 
labels  used  here  are  Identical  to  those  assigned  at  AFHRL.  Any 
departures  from  established  names,  codes  or  labels  are  noted;  new 
variables  are  defined  as  they  first  appear  In  the  report. 


The  items  used  in  this  study  were  taken  from  two  subfiles  —  the 
CPF  and  PPF  files  —  of  the  presently  incomplete  Phase  I  file,  and 
consisted  of  6,647  individual  cases  with  fifty-two  variables  per 

case  (exclusive  of  missing  values).  The  statistical  analysis  was 
performed  using  SPSS,  Version  9,  on  the  UNIVAC  system  at  AFHRL. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 

This  study  was  undertaken  as  part  of  AFHRL* s  ongoing  Pilot 

Selection  and  Classification  Project  to  develop  and  evaluate 

criteria  for  choosing  candidate  pilots  and  assigning  them  to 
specific  training  programs.  Under  Phase  I  of  the  project, 

historical  data  on  more  than  6,600  student  pilots  have  been 
gathered,  with  certain  items  edited  and  recorded  in  two  subfiles, 
designated  as  the  CPF  and  PPF  files.  The  goal  of  this  investigation 
was  to  develop  a  multiple  linear  regression  model  for  predicting 
student  pilot  success  (or  attrition)  in  Undergraduate  Pilot  Training 
(UPT)  based  on  test  performance  scores  and  individual 
characteristics  available  from  the  CPF  and  PPF  files. 

Objectives  of  the  study  required  several  subanalyses  of  groups 
of  test  scores,  of  individual  variables,  and  of  the  relationships  of 
these  variables  with  one  another  and  v.ith  UPT  attrition.  Specific 
objectives  were  as  follows: 

(1)  an  analysis  of  the  interrelationships  of  five 

psychomotor  scores  and  their  predictive  validity 
relative  to  UPT  attrition; 

(2)  an  investigation  of  FSP  data  to  develop  a  single 
measure  or  index  of  FSP  performance  based  on  class 
ranks  and  to  Identify  those  lesson  grades  most 
indicative  of  potential  for  UPT  success; 

(3)  an  examination  of  the  relationship  to  UPT  attrition  of 
the  AFOQT  scores  and  other  predictor  variables;  and, 

(4)  specification  and  computation  of  a  regression  equation 
for  estimating  the  likelihood  of  UPT  success  from 
selected  predictor  variables. 


The  regression  model  derived  is  called  the  "interim  model"  for 
two  reasons:  it  will  be  updated  and  improved  as  additional  Phase  I 
data  are  available,  and  the  criterion  variable  —  UPT  attrition  — 
will  be  replaced  by  a  measure  of  actual  performance  as  a  operational 
pilot.  Analysis  of  psychomotor  test  scores  was  of  particular 
interest  since  a  new  series  of  tests  (the  BAT  tests),  to  be 
administered  by  electronic  digital  devices,  are  being  formulated  and 
evaluated. 

III.  ANALYSIS  OF  PSYCHOMOTOR  SCORES: 

Psychomotor  test  scores  consist  of  five  ratio-scale  values, 
coded  as  variables  V15  to  V19  in  the  Composite  Predictor  File 
(CPF).  Two  of  these  —  V15  and  V16  —  are  measures  of  horizontal 
and  vertical  tracking  deviations  recorded  from  the  first  of  two 
tests,  and  are  also  denoted  IX  and  1Y.  The  remaining  three  scores 
from  the  second  test  —  V17  to  V19  —  consist  of  horizontal  and 
vertical  error  sums  associated  with  a  joystick  control  and  with 
rudder  (foot)  pedals,  denoted  2X,  2Y,  and  2Z.  All  scotss  represent 
accumulated  root  mean-square  error  from  perfect  tracking  measured 
during  the  tests;  thus,  larger  scores  correspond  to  poorer 
performance.  All  scores  are  positive,  ranging  from  the  low-hundreds 
to  the  70-thousands.  All  five  scores  were  available  for  2,527 
individuals,  most  of  whom  went  on  to  pilot  training  after  testing. 

III. I  Univariate  Distributions  of  Psychomotor  Scores 

Summary  statistics  for  the  five  scores  are  given  in  Table  1 
(A-l).  Scores  IX  and  1Y  from  the  first  test  are  similar  In  scale 
and  distribution;  mean  scores  from  the  second  test  are  consistently 
smaller  than  those  of  the  first  test  but  are  comparable  among 
themselves.  All  five  distributions  exhibit  strong  positive 
skewness;  the  extremely  long  right  tails  are  evident  in  the  range  of 
values  above  the  mean. 


TABLE  I  SUMMAR/  STATISTICS  FOR  PS^CHOMOTOR  SCORES 


(N  =  2527) 


VARIABLES 

TEST 

SCORE  1C  AN 

STD.  OEV 

i  MIN* 

MAX. 

V15 

IX 

14719 

5407 

428 

65268 

V16 

1Y 

16749 

5546 

5687 

57292 

V17 

2X 

4513 

6520 

326 

71040 

V18 

2 V 

3858 

6445 

486 

76320 

V19 

2Z 

5576 

6015 

167 

71040 

Each  of 

the 

five 

test  measures 

produced 

some  extremely 

large  as 

well  as  a 

few  exceptionally  small 

scores ; 

however,  the  very  large 

values  were 

much 

more 

dispersed  as 

indicated 

by  the  long  right  tails 

of  the  distributions  (A-3,  A-4). 

To  indicate  the  frequencies  of  very  large  scores,  the  upper  1%,  5% 
and  10%  values  (percentiles)  are  given  in  Table  II.  In  some  instances 
individuals  with  one  large  score,  say  IX,  would  have  a  corresponding 
extremely  small  1Y  score  (see  scatterplots,  A-5).  Distributions  of 
V17  and  V18  show  "spikes”  —  a  cluster  of  a  dozen  scores  —  on  their 
extremes  right  tails. 

Table  II.  DISTRIBUTION  OF  LAR1E  SCORES 
(N  =  2527) 


VARIABLE 

TEST  SCORE 

x  ♦  4s 

1% 

5% 

10% 

V15 

IX 

36347 

31000 

25000 

22000 

V16 

1Y 

38933 

34000 

27000 

24000 

V17 

2X 

30593 

29000 

14000 

9500 

V18 

2i 

29638 

24000 

11000 

7000 

V19 

21 

29636 

30000 

18000 

13000 

An  analysis  of  extreme  scores  was  made  to  seek  an  explanation  for 
these  exceptional  values.  There  was  no  evidence  of  failure  of  the 
testing  devices  or  of  data  recording  or  editing  mistakes.  Some 
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plausible  explanations  for  the  deviate  scores  are  that  individuals  may 
have  adopted  a  strategy  of  focusing  attention  on  one  direction  of 
control  while  ignoring  the  other;  that  an  individual  might  lack 
eye-motor  coordination  of  a  particular  sort;  that  an  individual  may 
not  have  made  a  sincere  effort  to  perform  well. 

III. 2  Bivariate  Distributions 

The  relationships  among  test  scores  were  examined  by  computing 
pairwise  correlations  (Pearson's)  and  constructing  scatterplots 
(A-5).  Scores  within  each  of  the  two  tests  were  much  more  highly 
correlated  than  were  scores  between  the  tests  as  shown  in  Table  III. 


TABLE  III.  PEARSON  CORRELATION  COEFFICIENTS  FOR  PSYCHOMOTOR  SCORES 


VARIABLE 

V15 

V16 

V17 

V18 

V19 

V15 

1.00 

.84 

.17 

.15 

.21 

V16 

.84 

1.00 

.21 

.16 

.25 

VI7 

.17 

.21 

1.00 

.39 

.55 

V18 

.15 

♦  16 

.39 

1.00 

.46 

V19 

.21 

♦  25 

.55 

.46 

1.00 

The  scatterplot  of 

V15  versus 

V16  exhibited 

the 

strongest  linear 

relationship. 

Plots  of 

V15  and  of  V16  against 

V17,  1 

Y18  and  V19  were 

all  quite  similar  showing  considerable  dispersion  and  little  evidence 
of  a  relationship.  Plots  of  V17,  V18,  V19  against  one  another  were 
similar,  giving  evidence  of  a  general  positive  relationship  with  sub¬ 
stantial  scatter.  None  of  the  scatterplots  indicated  non-linearity  in 
the  pairwise  relationships  of  scores.  However  the  presence  of  small 
clusters  of  points  with  one  extremely  large  score  suggested  that  the 
slope  of  a  fitted  regression  line  could  be  significantly  affected  by 
these  few  observations  and  that  omission  of  exceptionally  large  scores 
should  be  considered. 
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III. 3  UPT  Criterion 

A  main  objective  of  the  psychomotor  test  analysis  was  to  determine 
how  well  the  scores  predicted  student  pilot  performance  measured  in 
terms  of  completing  Undergraduate  Pilot  Training  (UPT).  Using 
training  outcome  as  a  criterion,  performance  was  broken  down  into 
three  categories:  passed  UPT  (V06  =1),  flying  deficiency  failure  (V06 
=  0)  and  "other  elimination"  from  UPT  (V06  =  9).  Means  for  each  of 
the  five  scores  show  significant  differences  among  those  passing  and 
failing  UPT  (A-6).  In  every  test  the  means  of  those  passing  UPT  were 
substantially  less  than  for  those  that  failed;  and,  except  in  one  test 
(V17)  the  mean  scores  of  the  flying  deficiency  failures  (V06  =  0) 
were  greater  than  the  corresponding  means  for  other  eliminations  (V06 
=  9).  Such  large  differences  in  mean  scores  of  passing  and  failing 
students  suggests  that  psychomotor  test  results  are  indicative  of 
success  potential. 

Further  examinations  of  psychomotor  scores  against  the  UPT 
criterion  V06  were  made  using  crosstabulations  of  scores  by  training 
outcome  (A-6  to  A-ll).  Particular  attention  was  given  to  cases  with 
exceptionally  large  scores  on  one  or  more  tests.  Elimination  rates 
for  Individuals  with  very  large  scores  on  at  least  one  test  were 
substantially  above  those  with  no  extreme  scores.  Figures  in  Table  IV 
indicate  the  differences  in  passing  rates. 


TABLE  IV.  UPT  SUCCESS  RATES  0/  TEST  SCORE  SIZE 


VARIABLE 

TEST  SCORE 

PASSED  UPT  (*) 

No.  OF  CASES 

V15 

under  25000 

78.6 

1677 

over  25000 

62.2 

74 

V16 

under  25000 

78.7 

1618 

over  25000 

68.4 

133 

V17 

under  10000 

79.3 

1619 

over  10000 

60.0 

130 

V18 

under  10000 

79.0 

1676 

over  10000 

52.1 

73 

V19 

under  10000 

79.5 

1539 

over  10000 

66.2 

210 

An  investigation  of  the  relatively  few  number  of  cases  with  one  or 
more  very  small  test  scores  showed  no  apparent  departure  in  mean  UPT 
passage  rate  for  these  students  from  the  norm. 

I I I. 4  Extreme  Values 

A  thorough  study  of  individual  cases  with  unusually  large  or  small 
scores  was  conducted.  The  variation  and  the  inconsistency  in  UPT 
success  associated  with  very  large  scores  led  to  the  conclusion  that 
such  values  were  not  reliable  indicators  of  success  potential,  and 
that  in  future  data  gathering,  a  policy  of  automatically  retesting 
students  with  very  large  scores  be  considered.  Values  which  lie 
approximately  four  standard  deviations  above  the  mean  test  scores  are 
recommended  as  cutoff  points  for  defining  outliers  or  establishing 
retesting  criteria.  Thus,  cutoff  scores  of  40,000  for  V15  and  V16  and 
of  30,000  for  Vl7  to  V19  are  suggested.  These  values  are  used  in  some 
of  the  regression  analyses  to  improve  the  quality  of  predictive 
relationships  (B-10,  C-3).  No  basis  for  analogous  cutoffs  on  the  low 
end  of  the  scale  was  evident,  and  therefore,  no  lower  end  cutoffs  are 
recommended. 
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Ill -5  Regression  of  UPT  on  Psychomotor  Scores 

Stepwise  (forward)  regressions  were  run  using  both  UPT  pass/elim 
(all  eliminations)  and  UPT  pass/fail  (flying  deficiency  failures)  as 
the  dependent  variable  against  the  five  psychomotor  scores  (V15  to 
V19).  The  simple  additive  models  are  referred  to  as  "main  effects" 
models  (Appendix  B).  Since  extremely  large  scores  were  suspected  of 
having  unwarranted  influence  on  the  estimated  coefficients,  runs  were 
made  first  on  all  cases  (8-1)  then  deleting  cases  with  scores  in  the 
upper  1%,  5%,  and  10%  of  the  distributions  (B-3  to  B-5).  The  SPSS 
stepwise  procedure  automatically  terminated  when  entry  of  any 
additional  independent  variables  would  produce  insignificant  t-values 
at  the  .05  level.  Cases  with  a  missing  score  were  deleted. 

Prior  considerations  suggested  potential  interaction  among  test 
scores  for  the  five  tests.  Thus  stepwise  regressions  with  all  simple 
interactions  were  run  against  the  two  dependent  criteria  (B-2,  B-6  to 
B-8) .  Finally  regressions  were  performed  omitting  all  cases  with  at 
least  one  test  score  more  than  4  standard  deviations  above  the  mean 
(B-10) . 

Among  the  regressions  run,  some  variation  in  the  variables 
entering  and  in  the  order  of  entry  was  observed.  In  general,  however, 
most  of  the  variance  was  explained  by  the  fiist  two  entering 
variables,  consisting  of  one  score  from  each  of  the  two  types  of  tests 
or  an  interaction  of  two  such  scores.  Variable  V15  was  the  best 
predictor  from  the  first  test  and,  with  outliers  excluded,  V18  was 
best  among  the  second  test  scores. 

Multiple-R  values  on  the  order  of  .20  were  the  general  rule  with 
higher  values  for  predicting  UPT  pass/ fail  than  UPT  pass/elim.  This 
suggests  psychomotor  tests  may  be  somewhat  better  predictors  of  flying 
deficiency  failure  than  of  all  types  of  eliminations. 

With  outliers  excluded  the  first  variable  entering  the  main 
effects  model  was  V18  followed  by  V15.  The  interaction  terms  V1518 
contributed  little  additional  information;  thus  the  simple  main 
effects  model  with  independent  variables  V15  and  V18  was  preferred, 
with  estimated  coefficients  computed  excluding  outliers  (i.e.,  V15, 
V16  less  than  40,000  and  V17  to  V19  less  than  30,000). 


111 .6  Transformed  Psychomotor  Scores 

The  extremely  long  right  tails  of  the  distributions  of  psychomotor 
scores  suggested  that  logarithmic  transformations  might  produce  more 
nearly  normal  distributions.  Indeed  this  was  the  case  as  indicated  by 
the  results  in  Appendix  C-l  for  the  natural  logarithms  of  the  scores 
(denoted  LnV — ) .  However,  pairwise  correlations  between  transformed 
scores  and  UPT  pass/elim  were  no  better  than  for  raw  scores,  and 
regressions  using  the  transformed  variables  (C-2,  C-3)  produced 

results  quite  close  in  terms  of  multiple-R  and  standard  error  of 
residuals  to  those  for  the  raw  scores.  Thus,  untransformed 
psychomotor  scores  were  used  in  subsequent  analyses. 

111. 7  Factor  Analysis  of  Psychomotor  Scores 

An  examination  of  the  five  test  scores  in  the  absence  of  a 
criterion  variable  was  done  using  principal  factoring  with  iteration 
(SPSS  procedure  PA2)  followed  by  three  types  of  rotations.  The 
analyses  (D-l  to  D-3)  indicate  two  significant  factors,  one  weighted 
heavily  on  the  scores  of  the  first  type  of  test  —  V15  and  V16  —  and 
the  other  weighted  mainly  on  scores  from  the  second  test,  VI 7,  V18  and 
V19. 

1 11. 8  Sources  of  Variation  in  Psychomotor  Scores 

Means  of  psychomotor  scores  at  each  level  of  several  categorical 
variables  were  computed  (using  SPSS  procedure  BREAKDOWN)  to  determine 
variables  and  interactions  that  should  be  included  in  an  initial  model 
specification  for  predicting  UPT.  A  number  of  interesting  questions 
were  prompted  by  these  analyses  which  could  not  be  addressed  in  the 
limited  time  frame  of  this  study;  more  extensive  analyses  are 
recommended  for  follow-on  research. 

Table  V  shows  for  each  of  the  five  scores  whether  significant 
differences  in  mean  scores  at  the  various  levels  of  the  variables  were 
significant  (+)  or  not  (o)  with  oc*. 05.  The  number  of  active  cases 
for  each  variable  is  indicated  (N).  Some  of  the  main  results  and 
differences  observed  are  briefly  outlined  below: 
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FSP  Status,  V05.  For  the  first  test  scores  (V15,  V16)  FSP 
failures,  V05  =  0,  were  lowest  in  mean  score  while  V05  =  5  had  the 
highest  means*  On  the  second  test,  V05  =  3  scored  highest  on  V17,  V18 
and  V19  with  V05  =  1  lowest  on  V18  and  V19. 

FSP  Experimental  Group,  V30.  Despite  a  relatively  small  number  of 
cases  per  group,  differences  in  means  among  the  groups  were 
significant  at  the  .05  level  on  all  five  scores  in  the  directions 
indicated  below: 

Group  1  -  highest  or  second  highest  scores 

Group  2  -  lowest  on  four  of  five  scores  (except  V15) 

Group  3  -  middle  range  on  all 

Group  4  -  performed  well  on  V15,  V16,  poorly  on  VI 7-19 
Group  5  -  highest  on  VI 5,  V16;  moderate  on  V17-19. 

Test  Date,  V14.  Covering  years  1979  to  1981,  no  significant  time 
trend  in  average  scores  was  observed.  This  suggests  that  calibration 
problems  resulting  from  equipment  age  were  not  a  factor  in  test  scores. 

Test  Devices,  V20  Device  #2  produced  significantly  larger  scores 
both  in  mean  and  variance  for  all  five  tests.  This  could  possibly 
explain  the  differences  in  mean  scores  by  source  of  commission,  and 
also  suggests  that  psychomotor  tests  may  be  more  effective  predictors 
of  student  pilot  performance  if  between-machine  variation  can  be 
eliminated. 

Prior  Flying,  V13.  In  general  the  average  scores  decreased  with 
additional  flying  experience  to  about  25  hours  and  then  Increased. 
Those  with  0  prior  flying  hours  had  the  highest  scores  while  those 
with  16-25  hours  scored  lowest.  Means  for  the  362  cases  with  prior 
flying  were  below  the  general  population  means  on  VI 5-17  and  above  on 
V 18  and  V19.  Additional  analysis  is  needed  to  better  understand  the 
relationships. 

Age,  V14.  Ho  significant  difference  among  mean  test  scores  was 
observed  for  the  various  age  groups.  (The  five  oldest  students,  ages 
28-33,  scored  consistently  low  on  all  tests.) 

Sex,  V40.  Scores  were  available  for  very  few  women  (56)  relative 
to  the  number  of  men (2395).  Womens'  scores  averaged  more  than  those 


of  men  on  all  five  tests  with  substantial  differences  (p  =  *001)  on 
V15-17. 

Race,  V41.  Very  few  non-Caucasians  —  45  Blacks  and  34  Others  — 
were  In  the  study.  While  non-Caucasians1  mean  scores  were  higher, 
only  for  V16  were  differences  significant.  There  Is  not  substantial 
evidence  of  a  race  effect  based  on  this  limited  sample. 

Degree  Level,  V42.  There  were  relatively  few  Individuals  with 
other  than  a  baccalaureate  degree.  In  general  precollege  graduates 
showed  the  highest  scores  followed  by  those  with  a  baccalaureate 
degree.  Individuals  with  post-graduate  work  or  degrees  scored  lower. 

Degree  Type,  V43.  On  each  test,  holders  of  non-tech  degrees  had 
higher  average  scores.  Differences  were  not  significant  on  V15  and 
V16  but  were  highly  significant  on  V17-19. 

Married  Status,  V45.  On  each  test,  the  scores  of  married  students 
averaged  less  but  differences  were  not  substantial. 

Source  of  Commission,  V46.  For  the  first  test  (V15,  V16) 
differences  In  scores  were  highly  significant  with  AFA  highest  and 
ROTC  lowest.  On  the  second  test,  ROTC  scores  were  significantly  lower 
with  AFA  and  OTS  higher  and  approximately  the  same. 

SUMMARY.  Fsychomotor  scores  show  strong  differences  by  FSP 
Status,  FSP  Experimental  Group,  Test  Device  Prior-Flying  Hours,  and 
Source  of  Commission;  less  substantial  differences  occur  by  Degree 
Type,  Degree  Level  and  Sex. 


TABLE  V.  SUMMARY  OF  COMPARISON  OF  PSYCHOMOTOR  SCORE  MEANS  AT  DIFFERENT 
LEVELS  OF  SPECIFIED  VARIABLES  (SIGNIFICANT  DIFFERENCES  (+)  WITH 
.05) 


SPECIFIED  PSYCHOMOTOR  SCORE 

VARIABLE  V15 

V16 

V17 

V18 

VJ9 

N 

VOS,  FSP  STATUS 

+ 

+ 

+ 

+ 

+ 

697 

V06,  UPT  STATUS 

+ 

+ 

+ 

+ 

+ 

1748 

V20,  TEST  DEVICE 

+ 

+ 

+ 

+ 

+ 

217 

V14,  TEST  DATE 

0 

0 

0 

0 

0 

1010 

AGE 

0 

0 

0 

0 

0 

1748 

V13,  PRIOR  FLYING 

0 

0 

0 

0 

+ 

362 

V30,  FSP  EXP.  GP. 

+ 

+ 

+ 

+ 

+ 

393 

V40,  SEX 

+ 

+ 

+ 

0 

0 

2528 

V41,  RACE 

0 

+ 

0 

0 

0 

2528 

V42,  DEGREE  LEVEL 

0 

+ 

0 

0 

0 

2234 

V43A,  DEGREE  TYPE 

0 

0 

+ 

+ 

+ 

2208 

V45,  MARRIED  STATUS 

0 

0 

0 

0 

0 

2163 

V46,  COMMISSION 

+ 

+ 

+ 

0 

+ 

2234 

IV.  ANALYSIS  OF  FSP  DATA: 

The  FSP  data  consists  of 

twenty-one 

measures  of 

student 

achievement 

during  FSP  (primarily 

for 

OTS 

candidates. 

with 

twelve 

exceptions) 

Including  lesson  grades. 

retest  grades. 

class 

rank  and  an  FSP  completion 

code.  The  main  purpose  of  this  analysis  was  data  reduction,  with  two 
objectives:  (1)  to  develop  an  FSP  performance  Index  based  on  class  rank. 


and  (2)  to  determine  those  lesson  grades  which,  Individually  or  In 
combination,  are  most  Indicative  of  UPT  success. 


IV. 1  Univariate  Analysis  of  Lesson  Grades 

Grades  for  the  twelve  lessons  (Integer  values  0  to  5)  averaged  between 
2.5  and  3.0  with  a  general  trend  of  higher  grades  on  the  early  lessons. 
Wlthln-lesson  variance  Is  smallest  for  Lesson  1  grades  and  tends  to 
Increase  thereafter,  with  Lesson  8,  9.1  and  9.2  showing  the  greatest 
variability  (G-l.) 


IV. 2  Bivariate  Analysis  of  Lesson  Grades 

Lesson  9.1,  9.2  and  10  were  the  most  highly  correlated,  each  pairwise 
coefficient  exceeding  .70  (G-2).  FSP  class  size  was  not  highly  associated 


with  any  of  the  lesson  scores.  There  was  a  noticeable  pattern  of  steadily 
increasing  correlations  between  grades  for  Lessons  1  to  10  with  Lesson  11 
(final  check-ride). 

Pairwise  correlation  (G-2)  between  lesson  grades  and  FSP  pass/fall  was 
highest  for  Lesson  9.1  (r  ■  .74).  Generally,  UPT  pass/fall  was  more 
highly  correlated  with  later  lesson  grades  and  was  highest  at  Lesson  11 
(r«  .31). 

IV. 3  UPT  Criteria 

Grades  on  early  tests,  especially  Lessons  1  to  3,  are  quite  uniform 
and  averages  differ  very  little  for  the  groups  that  passed  and  failed  UPT 
(G-3).  However,  as  the  lesson  number  Increases,  the  mean  grades  of  those 
passing  UPT  are  significantly  higher  than  those  of  the  falling  group. 
Differences  are  greatest  at  Lesson  8,  9.1  and  11. 

Crosstabs  of  lesson  grades  by  UPT  status  show  that  the  groups  with 
better  grades  have  a  correspondingly  higher  UPT  passing  rate,  most 
strongly  evident  In  Lesson  11.  Lesson  8  showed  an  Interesting  and 

uncharacteristic  drop  In  passing  percentage  for  those  receiving 
proficiency  advancement,  suggesting  further  Investigation  may  be  useful. 
FSP  completion  code  appears  to  be  moderately  predictive  of  UPT  success, 
but  FSP  class  size  shows  at  best  a  weak  relationship  with  UPT  status. 

Percentile  class  rank  (rank  adjusted  by  class  size),  available  for 

only  three  FSP  classes,  was  used  as  the  criterion  for  developing  an  FSP 

performance  Index  based  on  lesson  grades,  class  size  and  number  of 

sorties.  Using  stepwise  regression  (G-5)  Lesson  11  was  the  most 

significant  predictor  of  rank,  followed  by  Lesson  9.1.  The  two-variable 

model  gives  a  multlple-R  *  .78;  a  four-variable  model,  adding  Lesson  5 

2 

and  class  size.  Increases  R  to  .84,  When  the  predicted  percentile  rank 
—  the  FSP  performance  Index  —  for  each  of  the  two  models  was  regressed 
on  FSP  pass/fall,  the  two  variable  model  with  Lessons  9.1  and  11  was  the 
better  predictor  of  success  (G-6).  The  regression  equation  for  the 
two-variable  performance  Index,  denoted  PRED,  Is 

PRED  »  1.1720  -  .1625  *  V3112  -  .0852  *  Y3109 
where  V3109  and  Y3112  are  grades  for  Lessons  9.1  and  11,  respectively. 


The  FSP  performance  Index  PRED  (from  the  two-variable  model)  Is  a 
better  single  predictor  of  UPT  success  than  Is  FSP  pass/fall  (G-7) . 
However,  for  the  sole  purpose  of  predicting  UPT  pass/fall,  a  model  with 
Lessons  8  and  11  does  somewhat  better  than  the  FSP  performance  Index 
alone.  The  FSP  performance  Index  does  show  that  class  rank  Is  a  good 
measure  of  potential  UPT  success  and,  with  adequate  data,  could  be  an 
excellent  predictive  variable, 

IV. 4  UPT  Status  Versus  FSP  Measures  and  Psychomotor  Scores 

Prediction  of  UPT  success  was  examined  using  stepwise  regression, 
f1**st  against  the  twelve  FSP  lesson  grades  and  the  five  psychomotor 
i cores,  then  against  the  FSP  performance  Index  and  psychomotor 
scores.  Multlple-R  values  on  the  order  of  .40  were  obtained.  The 
model  based  on  lesson  grades  contained.  In  order  of  entry.  Lesson  11, 
psychomotor  score  IX  (V15)  and  Lesson  9.2  as  Independent  variables. 

A  two  Independent  variable  model  with  FSP  performance  Index  and 
psychomotor  score  IX  performed  almost  as  well  for  predicting  UPT 
pass/flying  deficiency.  For  the  UPT  pass/all  eliminations  case,  the 
Inclusion  of  a  third  variable  —  Lesson  9.2  —  was  necessary  to 
achieve  the  same  degree  of  predictability. 

IV. 5  Summary  of  FSP  Analysis 

FSP  lesson  grades  together  with  psychomotor  scores  provide  good 
predictions  of  UPT  success.  Among  the  FSP  measures,  the  later  grades 
are  better  predictors  of  success,  notably  Lessons  11,  9.1  and  9.2.  An 
FSP  performance  Index,  determined  from  class  ranks,  also  correlates 
well  with  UPT  status.  Class  ranks  appear  to  be  good  Indicators  of 
success  potential,  and  should  be  recorded  as  measures  of  FSP 
achievement.  There  Is  no  obvious  class  sue  effect  In  FSP.  Students 
receiving  a  proficiency  advance  on  Lesson  8  snowed  an  unexpectedly 
large  failure  rate  In  UPT,  suggesting  that  an  examination  of  this 
phenomenon  may  be  useful  In  reducing  L?T  attrition.  The  available  FSP 
data  are  almost  exclusively  from  OTS  classes;  similar  Information  from 
the  AFA  and  ROTC  programs  would  likely  prove  useful  predicting  UPT 
success  for  those  students. 


V.  ANALYSIS  OF  AFOQT  SCORES: 

A  complete  analysis  of  the  AFOQT  test  data  was  not  possible  in  the 

time  period  of  this  study,  nor  was  It  mandated.  An  Investigation  of  the 

five  AFOQT  test  scores  as  Indicators  of  student  pilot  performance  and  as 
they  relate  to  other  predictor  variables  Is  proposed  as  a  topic  for 
follow-on  research. 

Summary  statistics  (F-1)  show  that  the  mean  test  scores  vary 
substantially,  as  much  as  ten  points  between  tests,  but  that  wlthln-test 
dispersion  of  scores  Is  about  the  same  for  all  five  tests.  Pairwise 
correlation  coefficients  range  from  just  under  .20  to  nearly  .80.  In 

terms  of  association  the  tests  appear  to  divide  Into  two  groups: 
Pilot-Navigator  and  Academic-Verbal-Quantitative. 

Against  UPT  pass/fall  and  UPT  pass/ellm  criteria,  the  Pilot  test  was 
most  highly  corelated  (r  *  .16)  followed  In  decreasing  size  of  "r"  by 
Navigator,  Quantitative,  Academic  and  Verbal  tests.  The  Verbal  test 
showed  very  little  association  with  UPT  success  (r  «  -  .015  and  .015). 

Except  on  the  Verbal  test,  the  mean  scores  of  those  passing  UPT  were 
significantly  higher  than  those  of  the  UPT  failure  groups,  with 
differences  up  to  ten  points  (F-1).  The  "flying  deficiency"  failure  group 
had  the  lowest  mean  scores  on  Pilot  and  Navigator  tests,  while  on  the 

remaining  three  tests  the  "other  elimination"  group  averaged  lowest. 

In  a  stepwise  regression  of  UPT  pass/ellm  on  AFOQT  scores,  the  Pilot 
test  variable  entered  first  followed  by  Quantitative,  Verbal  and  Navigator 
tests.  Against  UPT  pass/fall,  the  order  of  entry  was  Pilot,  Navigator, 
Verbal  then  Quantitative.  Multiple-R  values  of  approximately  .20  were 
achieved  In  each  case  (F-2). 

VI.  ASSOCIATION  OF  OTHER  VARIABLES  WITH  UPT  STATUS: 

An  examination  of  simple  pairwise  associations  of  potential  predictor 
variables  with  UPT  status  (V06)  was  conducted  primarily  using  SPSS 
procedures  BREAKDOWN  and  CONDESCRIPTIVE.  Numerical  results,  given  In 
Appendix  F,  are  summarized  below. 

VI. 1  Continuous  Variables  Age,  Prior  Flying  Hours,  and  UPT  Class  Size 

The  mean  age  of  those  passing  UPT  was  23.8  years  In  contrast  to  a  mean 
of  24.4  years  for  Individuals  not  passing  (F-3).  Using  seven  age  groups. 


the  UPT  passing  percentage  was  82.2  for  the  youngest  students,  20  to  22 
years;  85.0  for  those  between  22  and  23;  and  then  declined  steadily  to 
66.1  for  the  oldest  students,  28  to  33.  Thus,  there  is  a  clear 
association  between  age  and  UPT  success. 

Prior  flying  hours  were  reported  for  351  individuals  with  known  UPT 
status,  and  included  99  cases  listing  zero  hours  (F-4).  Divided  into 
seven  groups,  those  with  zero  prior  flying  hours  had  a 
relatively  low  UPT  passing  rate,  59.6%.  Groups  of  individuals  with  some 
flying  time  had  passing  rates  of  71.4%  or  higher,  showing  a  weak  trend 
toward  higher  rates  with  greater  experience.  Additional  data  on  prior 
flying  hours  are  needed  to  establish  a  clear  relationship  between  amount 
of  experience  and  likelihood  of  passing  UPT. 

The  mean  class  size  of  those  passing  UPT  was  268  compared  to  a  mean  of 
285  for  Individuals  who  did  not  pass  (F-5),  indicating  some  association 
between  UPT  class  size  and  UPT  success.  However  there  is  also  a  strong 
association  between  class  size  and  source  of  commission,  because  of  a 
common  time  relationship.  Most  of  the  AFA  data  were  collected  during  the 
first  years  of  the  study  when  UPT  classes  were  relatively  small;  these 
students  have  a  significantly  higher  passing  rate.  Thus  the  apparent 
association  between  class  size  and  UPT  success  may  be  a  spurious  one. 

VI. 2  Categorical  Variables  Sex,  Race,  Degree  Level,  Type  Degree,  Married 
Status  and  Source  of  Commission 

Crosstabulations  of  categorical  variables  by  upi  status  (V06)  are 
contained  In  Appendix  F-6;  the  results  are  cor.densed  In  Table  VI  below. 
With  the  exception  of  Married  Status,  V45,  differences  between  categories 
were  significant  (Chi-square  test)  with  .05  for  each  variable.  For 

variable  V42,  Degree  Level,  the  category  "Graduate  work"  in  Table  VI  Is  a 
grouping  of  cases  with  Post  Graduate  Studies,  Masters  Degree  or 
Professional  Degree  (V42  *  G,  M  or  P).  With  regard  to  Race,  V41,  when 
"Black"  and  "Other"  categories  are  combined  (N  ■  137)  the  UPT  passing  rate 
for  this  non-Caucasian  group  Is  54.7%. 

The  crosstabulation  of  FSP  Experimental  Group  (V30)  by  UPT  status 
shows  significant,  and  expected,  differences  In  UPT  success  rates  (F-6). 
An  Interesting  and  possibly  unanticipated  finding  Is  the  exceptionally 


high  passing  rate  of  the  Group  2  students,  those  who  received  six 
additional  flight  hours.  This  suggests  that  a  few  extra  hours  of  flight 
training  may  significantly  reduce  UPT  attrition. 


TABLE  VI  SUMMARY:  CROSSTABULATIONS  OF  CATEGORICAL  VARIABLES  BY  UPT 
STATUS 


’ 

UPT  Status:  percentage 

of  cases 

Other 

Passed 

Flying  Ellm. 

Ellm. 

Cases 

Variable 

Category 

(V06=) 

(V06=0) 

VOS =9) 

N 

Sex  (V40) 

Female 

71.6 

15.3 

13.1 

176 

Male 

4483 

Caucasian 

80.4 

10.6 

9.0 

4521 

Race  (V41) 

Black 

44.2 

34.5 

16.3 

86 

Other 

72.5 

21.6 

5.9 

51 

Precollege  grad  78.9 

10.9 

9.1 

114 

Degree  Level 

Bac.  degree 

80.0 

11.4 

9.6 

4365 

(V42) 

Graduate  work 

71.4 

18.3 

10.3 

175 

Type  Degree 

Tech. 

WM 

8.6 

6.5 

1868 

(V43A) 

Non-tech. 

i 

13.0 

10.9 

2674 

Married  Status  Married 

79.1 

10.6 

10.3 

1426 

(V45) 

Single. 

80.3 

11.3 

8.4 

3121 

Source  of 

AFA 

89.0 

6.2 

4.8 

812 

Commission 

ROTC 

78.2 

12.4 

9.4 

2493 

(V46) 

OTS 

75.6 

12.3 

12.1 

1116 

THE  INTERIM  PREDICTION  MODEL: 


Computer  printouts  of  regression  analysis  runs  leading  to  a 
linear  regression  model  for  predicting  the  likelihood  of  an 
individual  successfully  completing  UPT  are  contained  in  Appendix  H. 
After  examining  the  many  variables  of  the  CPF  and  PPF  files  and  the 
suspected  interactions  among  these  for  their  predictive  ability,  a 
tentative  interim  model  was  specified  containing  the  potentially 
significant  predictor  variables.  The  aim  of  the  subsequent 
regression  analyses  was  to  obtain  a  reliable  predictive  model 
without  overfitting  the  sample  data.  Thus  a  relative  parsimonous 
model  was  sought  to  avoid  including  spurious  effects  which  would 
diminish  the  stability  of  the  model.  Based  on  the  earlier  study  of 
the  variables  and  the  series  of  regression  runs  a  final  equation  was 
obtained  (Appendix  H). 

A  thorough  validation  of  the  derived  model,  a  study  of  its 
stability,  and  an  investigation  of  it  predictive  behavior  were  not 
completed  prior  to  this  writing  because  of  time  constraints.  A 
continuation  of  this  work  to  update  and  improve  the  interim  model  as 
additional  data  from  Phase  I  are  available  Is  recommended  as  a 
project  for  follow-on  research. 

VIII.  RECOMMENDATIONS: 

Specific  recommendations  and  suggestions  made  in  earlier 
sections  of  this  report  are  briefly  summarized: 

(1)  Psychomotor  testing  should  be  continued  since  scores 

are  usefu<  in  screening  candidate  pilots  and  in  predicting  UPT 
performance; 

(2)  Class  ranks  of  FSP  students  are  good  measures  of  FSP 

performance  and  should  be  recorded; 

(3)  The  use  of  "proficiency  advancements"  on  Lesson  8  in 

FSP  should  be  examined; 

(4)  FSP-type  Information  should  be  gathered  for  AFA  and 
ROTC  students; 

(5)  Additional  "prior  flying  hours"  data  are  needed  to 

determine  the  incremental  effects  of  increased  hours;  and. 


(6)  The  six  additional  hours  of  flight  training  given  FSP 
Group  2  students  appears  to  be  associated  with  lower  UPT  attrition; 
this  relationship  should  be  investigated. 

The  work  begun  during  this  brief  research  appointment  period  has 
potential  for  large  savings  in  pilot  training  costs  through  reduced 
attrition  at  various  stages  of  training.  Several  general 
recommendations  for  continuation  of  this  work  which  are  made  below 
have  also  been  discussed  with  personnel  at  AFHRL. 

A  number  of  test  performance  variables  for  which  data  are 
available,  such  as  ZITA  and  APAMS  scores,  should  be  analyzed  for 
their  relationship  to  UPT  attrition.  Information  from  such  analyses 
should  be  utilized  in  formulating  and  evaluating  the  new  BAT  tests. 

As  additional  data  from  Phase  I  become  available  on  file,  the 
analysis  of  the  CPF  and  PPF  variables  should  be  expanded  to  include 
this  information. 

The  binary  model  can  serve  as  a  basis  for  establishing  cutoff 
scores  on  screening  tests  for  admission  to  pilot  training  as  well  as 
for  determining  satisfactory  progress  during  UPT.  Training  and 
attrition  costs  together  with  predicted  attrition  can  be  used  to 
develop  cutoff  criteria. 

The  bineary  criterion  variable  in  this  research  study  —UPT 
pass/ fail  —  is  a  gross  measure  of  student  performance.  A 
continuous-scale  performance  index  or  grade  could  assist  in 
predicting  student  UPT  success  and  should  be  developed  from  the 
Phase  I  data. 

A  longer  term  goal  is  to  examine  the  relationship  of  selection 
variables  to  operational  pilot  performance.  As  additional 
information  becomes  available  under  Phase  II  this  work  can  be 
undertaken  as  an  extension  of  the  present  efforts. 
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G-2.  Pairwise  Correlations  including  FSP  Class  Size  and  UPT  Status  (V06) 

G-3.  Breakdown  of  Lesson  Grades  by  UPT  Status  (V06) 

G-4.  Crosstabs  of  Lesson  Grades,  FSP  Class  Size  by  UPT  Status 
G-5.  Regressions  of  Rank  on  Grades,  Class  Size  and  Sorties;  Factor  Analysis 
of  Grades. 

G-6.  Regressions  of  FSP  Pass/Fail,  UPT  Pass/Fall  on  Performance  Index. 

G-7.  Regressions  of  UPT  Status  on  Performance  Index,  FSP  Completion  Code. 

G-8.  Regressions  of  UPT  Status  on  Grades  and  Class  Size. 

G-9.  Regressions  of  UPT  Status  on  Grades,  Class  Size  and  Psychomotor  Scores. 

G-10.  Regressions  of  UPT  Status  on  Performance  Index  and  Psychomotor  Scores. 

APPENDIX  H 

INTERIM  MODEL  REGRESSION  RUNS 

H-l.  Benchmark  Model:  AFOQT  and  FSP  pass/fail. 

H-2.  Interim  Model  Runs. 
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ABSTRACT 


The  effects  of  jet  fuel  JP-4  on  the  kidneys  and  livers  of  male 
Fischer  344  rats  were  studied  In  order  to  ascertain  whether  all 
hydrocarbons  produce  similar  effects.  JP-4,  after  separation  Into 
boiling  range  fractions,  was  administered  Intragastrlcally  to  the  rats. 
Weight  loss  and  urine  production  were  studied  for  48  hours.  Gross 
pathological  as  well  as  hlstopathologlcal  examination  of  the  kidneys  and 
livers  of  the  rats  2  days  and  10  days  post-exposure  to  the  JP-4 
Indicated  that  kidney  and  liver  damage  was  maximized  early.  The  rats 
appeared  to  be  able  to  repair  any  damage  by  day  10.  The  higher  boiling 
fractions  of  JP-4  appeared  to  be  the  most  toxic. 
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I.  INTRODUCTION 


The  study  of  the  toxic  properties  of  jet  fuels  Is  one  of  the  main 
thrusts  of  the  Aerospace  Medical  Research  Laboratory,  Toxic  Hazards 
Division.  The  Air  Force  jet  fuel  Identified  as  JP-4  has  been  shown  by 
gas  chromatography  to  be  composed  of  over  200  hydrocarbons  of  various 
aliphatic  and  aromatic  structuresl.  It  has  been  reported  that  when 
aromatic  hydrocarbons  are  Inhaled  at  high  concentrations,  humans  surfer 
disturbed  vision,  dizziness,  tremors,  cardiac  stress,  central  nervous 
system  (CNS)  depression,  confusion,  and  coma*.  Likewise,  the  liquid 
aliphatic  hydrocarbons  have  been  shown  to  promote  CNS  depressant  and 
neurotoxic  effects  when  Inhaled  at  high  concentrations3.  Recently,  It 
has  been  reported  that  subchronic  vapor  Inhalation  studies  with  a  number 
of  jet  fuel  mixtures  have  shown  a  pattern  of  kidney  damage  In  male 
rats4.  Phillips  has  shown  that  repeated  exposure  for  8  weeks  to 
Stodoard  Solvent  (composed  of  many  high  boiling  hydrocarbons )  vapors 
caused  renal  cell  exfoliation  In  Fischer  344  male  rat$5.  A  recent  study 
by  the  Toxic  Hazards  Research  Unit  of  the  Air  Force  Aerospace  Medical 
Laboratory  identified  a  few  of  the  urine  metabolites  of  rats  who  had 
been  exposed  to  Inhalation  experiments  using  jet  fuel  JP-46.  The 
metabolites  were  glucuronic  acid  conjugates  of  alcohols  and  ketones 
containing  no  more  than  8  carbons.  This  Implied  that  either 
hydrocarbons  of  boiling  point  less  than  ISO*  C  were  not  a  major  portion 
of  the  Inhaled  vapor  or  that  the  analytical  technique  used  did  not  pick 
up  any  of  the  higher  molecular  weight  hydrocarbon  metabolites. 


Until  now,  there  has  been  no  attempt  made  to  see  whether  all 
hydrocarbons  cause  this  kidney  effect  or  whether  only  hydrocarbons  of  a 
sufficiently  high  molecular  weight  and  boiling  point  can  bring  about  the 
kidney  changes.  It  should  be  noted  that  rats  should  have  greater 
difficulty  In  outgassing  higher  boiling  hydrocarbons  than  lower  boiling 
ones. 


II.  OBJECTIVES 


The  overall  objective  of  this  study  was  to  examine  the  effects  of 
various  fractions  of  the  jet  fuel  JP-4  on  Fischer  344  rats  rats.  The 
effects  to  be  looked  at  Include: 

a)  The  weight  loss  by  the  animals. 

b)  The  volume  and  coloration  of  the  urine  produced  by  the  rats. 

c)  The  changes  In  the  rat  liver  and  kidney  2  and  10  days  after 
administration  of  the  JP-4  fraction. 


III.  The  Separation  of  JP-4  into  Boiling  Point  Fractions 

The  jet  fuel  JP-4  was  divided  Into  the  following  fractions  using 
the  technique  of  fractional  distillation  using  a  glass  hellcied  packed 
distillation  column. 


Fraction 


A 

B 

C 

0 

E 

F 

6 

H 


Bolling  Point  Range  ( °C ) 
70-1  GO 
101-110 
111-130 
131-145 
146-160 
161-175 
176-190 
191-220 


The  number  of  degrees  in  the  boiling  point  range  was  varied  for  the 
different  fractions  of  JP-4  so  that  a  sufficient  fraction  volume  could 
be  obtained  for  the  dosing  experiment.  A  minimal  volume  of  20  ml  for 
each  fraction  was  deemed  necessary. 


IV.  Dosing  of  Male  Fischer  344  Rats  Followed  by  Weight  Loss  and  Urine 
Output  Studies 

After  weighing,  groups  of  6  male  Fischer  344  rats  were  given  2  ml 
of  the  desired  JP-4  fraction  by  Intragastrlc  acfclnlstration.  The  rats 
were  Individually  kept  In  Flsxher  metabolism  cages  for  48  hours.  During 
that  period  of  time,  the  rats  were  given  rat  chow  and  water  ad  liblum. 

At  the  end  of  the  48  hour  period,  the  rats  were  reweighed  and  the  urine 
volume  was  measured.  The  results  of  the  two  day  metabolic  JP-4  studies 
are  listed  In  Table  I. 
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Fraction 

Weight  Before 

Wei ght 

Urine 

of  JP-4 

Dosing  (gm) 

Loss  (gm) 

Output  (ml) 

«20 

304 

0  ±  4.9 

16.5 

14 

Ui 

">4 

A 

257 

16.5  ±  4.4 

14.0 

±  4.2 

0 

324 

14.3  ±  3.2 

15.7 

±  2.9 

C 

312 

14.0  ±  4.2 

16.0 

i  3.2 

D 

300 

13.0  ±6.8 

23.4 

t  9.0 

E 

331 

23.6  ±3.1 

38.8 

±12.2 

F 

348 

24.1  ±3.2 

25.4 

±  3.8 

G 

305 

24.3  ±7.8 

31.5 

±11.0 

H 

289 

24.6  ±6.8 

25.7 

♦  7.0 

A  group  of  6  rats  dosed  with  2  ml  of  water  was  used  as  the  control 
group.  With  the  exception  of  the  fraction  A  and  H  studies,  all  the  rats 
utilized  weighed  at  least  300  gm.  There  was  a  significant  weight  loss 
In  all  the  rats  studied  relative  to  those  rats  administered  water.  The 
weight  loss  was  more  pronounced  for  those  groups  of  rats  given  JP-4 
fractions  boiling  above  146*  C.  Urine  output  volume  by  the  rats  given 
JP-4  fraction  A,  B,  and  C  were  noted  to  be  approximately  the  same  as  the 
urine  output  for  rats  administered  water.  Fractions  of  JP-4  with 
boiling  points  above  130*  C  showed  a  significant  Increase  In  urine 
volume  output. 


An  explanation  for  the  increased  urine  production  could  be  the  reduced 
ability  for  the  rats  to  exhale  the  higher  boiling  hydrocarbons  leaving 
urine  excretion  as  the  only  method  by  which  the  rats  could  rid 
themselves  of  the  unwanted  hydrocarbons. 

It  was  also  noted  that  the  urine  from  the  rats  administered  the 
higher  boiling  fractions  of  JP-4  had  a  deeper,  darker  coloration  and  a 
more  pungent  odor. 


V.  Attempted  Recovery  and  Identification  of  JP-4  Rat  Urine  Metabolites 

The  rat  urine  from  the  two  day  metabolic  studies  for  each  JP-4 
fraction  was  pooled.  After  adjusting  its  pH  to  6.8  the  urine  was 
treated  with  0.5  ml  of  8  -Glucuronidase-aryl  sulfatase  (Calbiochem  number 
34742)  in  order  to  effect  the  hydrolysis  of  any  glucuronide  or  sulfate 
derivative  of  the  hydroxylated  metabolites  of  the  JP-4  fraction.  After 
incubation  at  37*  C  for  24  hours,  the  rat  urine  was  filtered  through  a 
Clin  Elut  column  with  methylene  chloride  as  the  eluting  solvent.  After 
evaporation  of  the  excess  methylene  chloride,  the  samples  were  examined 
by  gas  chromatography-mass  spectral  (GC-MS)  analysis  using  a 
Hewlett-Packard  5985  GC-MS  system. 

Unfortunately,  because  the  GC-MS  system  was  not  equipped  with  a 
capillary  column  mo  ffication,  the  gas  chromatograph  could  not  effect  an 
efficient  separation  of  all  the  peaks  so  that  Information  on  the 
metabolites  could  be  obtained  with  reasonable  certainty. 


and  Ten  Days  Post-Exposure  to  JP-4  Boiling  Fractions 

The  gross  pathological  examination  reports  on  the  kidneys  and 
livers  of  the  male  Fischer  344  rats  two  days  and  ten  days  after  exposure 
to  the  various  JP-4  fractions  indicated  that  the  gross  effects  were  seen 
two  days  after  exposure.  Reticulated  kidneys  were  noted  for  JP-4 
boiling  point  fractions  111-130°  C,  ri-145°  C  and  176-190°  C.  These 
effects  were  all  resolved  within  ten  days.  This  indicated  that  the  rat 
had  the  ability  to  overcome  the  kidney  effect  of  a  massive  dose  of 
hydrocarbons.  Of  note,  however,  is  that  the  fraction  176-190°  C  was  the 
fraction  which  gave  the  most  highly  discolored  urine. 


VII.  Histopathological  Examination  of  Kidneys  and  Livers  Two  Days  and 
Ten  Days  Post  Exposure  to  JP-4  Boiling  Fractions 


The  histopathological  examination  of  the  kidneys  and  livers  two 
days  and  ten  days  after  exposure  to  the  JP-4  fractions  indicated  that 
for  most  rats  two  days  post-exposure  there  was  a  moderate  accumulation 
of  hyaline  droplets  in  the  tubular  cells  of  the  kidneys.  This  was  most 
noticeable  in  the  boiling  ranges  100-110*  C,  146-160*  C, 

.  Ten  days  after  exposure  the  hyaline  droplet 
production  had  dropped  to  a  minimal  level,  once  again  indicating  kidney 
repair.  Mild  hepatocellular  fatty  changes  were  noted  in  the  livers  of 
rats  two  days  after  exposure  for  the  boiling  fractions  100-110*  C, 
146-160*  C,  161-175*  C,  176-190*  C,  and  191-220*  C.  These  changes 
disappeared  ten  days  after  exposure. 
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VIII.  Multiple  Intragastrlc  Administrations  of  JP-4  Boiling  Point 
Fraction  175-190*  C 


Three  male  344  Fischer  rats  were  Intragastrically  administered  2  ml 
of  JP-4  boiling  point  fraction  175-190*  C  on  three  separate  occasions 
each  9  days  apart.  The  results,  listed  In  Table  II,  are  those  based  on 
a  48  hour  study. 


TABLE  II 

Repetitive  Intragastrlc  Administration  of  JP-4  Fraction 
(Boiling  Point  175-190*  C). 


Day  of 

Loss  of 

Urine 

Administration  of 

Weight  (gm) 

Volume  (ml ) 

JP-4  Fraction 

1 

20.1  ♦  2.1 

27.0  i  3.3 

10 

13.7  t  3.8 

48.3  ±  8.6 

19 

10.8  ♦  3.1 

45.5  ±  9.7 

During  the  experiment,  It  was  noted  that  the  rats  regained  back  a 
portion  of  the  weight  that  they  had  lost  In  the  first  48  hours  after 
administration  of  the  JP-4  fraction.  However,  even  before  the 
administration  of  the  second  and  third  doses  of  the  JP-4  fraction,  the 
rats  still  had  not  reached  their  Initial  weight  on  day  1.  The  weight 
loss  by  the  rats  appeared  to  be  at  a  maximum  during  the  first 
administration  of  the  JP-4  fraction.  This,  along  with  the  Increased 


urine  production  during  the  second  and  third  administrations  of  JP-4 
fraction,  would  Indicate  that  the  rats  metabolic  system  was  gearing  up 
to  metabolize  the  JP-4  and  get  rid  of  it  rapidly  in  the  urine.  The 
reduced  weight  loss  durng  the  second  and  third  administrations  of  the 
JP-4  fraction  could  be  explained  by  the  Increased  amount  of  water 
Ingested  by  the  rats  during  the  metabolic  study. 


IX.  RECOMMENDATIONS 


The  study  of  the  effects  of  hydrocarbons  on  the  kidneys  showed  that 
urine  production  was  Increased  with  an  accompanied  loss  of  weight  by  the 
male  rats.  In  addition  gross  pathological  examination  showed  changes  In 
the  kidneys,  while  histological  studies  demonstrated  the  production  of 
unusual  hyaline  fluid  droplets  In  the  kidneys.  The  effects  are  more 
pronounced  with  the  higher  boiling  fractions  of  hydrocarbons. 

It  Is  recoomended  that  future  studies  start  to  hone  In  on  compounds 
In  these  higher  boiling  ranges  and  attempt  to  collect  them  according  to 
structural  similarities.  Individual  hydrocarbons  can  then  be  looked  at 
to  see  If  the  kidney  effects  are  due  to  a  certain  hydrocarbon  structure. 

An  examination  of  the  type  of  metabolites  formed  In  JP-4  fractions 
should  also  be  undertaken.  This  can  readily  be  accomplished  via  an 
adaptation  of  the  GC-MS  so  that  capillary  columns  can  be  used.  The 
effects  on  the  kidneys  are  most  likely  due  to  metabolites,  since 


hydrocarbons  are  water  insol  liable  and  would  not  be  expected  to  reach  the 
kidneys  In  the  free  or  unbound  to  albumin  state.  Thus,  a  particular 
type  of  metabolites  structure  which  can  yield  very  reactive  carbocatlons 
could  be  the  culprit  in  the  kidney  changes. 
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ABSTRACT 

The  problem  o!  secondary  muzzle  flash  in  rapid  lire  aircraft  cannon  has  been 
investigated.  An  additional  mechanism  for  initiation  of  secondary  flash  has  been 
discoveredf  which  is  not  present  in  single  fire  cannons  or  in  single  shot  firings, 
which  are  generally  used  to  test  for  secondary  flash.  This  initiation  mechanism  is 
associated  with  blow-by  or  leakage  of  hot  propellant  gas  past  the  rotating  band. 
Computer  programs  have  been  prepared  for  prediction  of  the  flow  field  within  the 
barrel  ahead  of  the  projectile  and  for  the  interior  ballistics  of  a  leaking  gun. 
Recommendations  are  offered  for  further  research  in  this  area. 


Acknowledgement 


The  author  would  like  to  thank  the  Air  Force  Systems  Command,  the  Air 
Force  Office  of  Scientific  Research  and  the  Southeastern  Center  for  Electrical 
Engineering  Education  for  giving  him  the  opportunity  to  spend  an  interesting 
summer  at  the  Air  Force  Armament  Laboratory,  Eglin  AFB,  Florida.  He  would  like 
to  thank  the  Armament  Laboratory,  and  particularly  the  Ballistics  Branch,  for 
providing  excellent  working  conditions  and  genuine  hospitality. 

Finally,  he  would  like  to  thank  Mr.  Otto  K.  Heiney  lor  his  helpful  suggestions 
and  guidance.  The  helpful  conversations  with  Mr.  Bert  K.  Moy  are  also 
appreciated.  The  technical  advice  and  debates  on  the  merits  of  the  Braves  vs.  the 
Dodgers  with  Lts.  Terry  W.  Shiver  and  3ames  S.  Schoeneman  will  long  be 
remembered. 


85-3 


I.  INTRODUCTION 


Secondary  muzzle  Hash  occurs  when  the  fuel  rich  residual  propellant  gas  from 
the  discharge  of  a  firearm  is  expelled  from  the  gun  barrel,  mixes  with  air,  and 
ignites*  This  flash  is  highly  objectionable,  since  it  can  reveal  the  location  ol  static 
gun  positions,  cause  loss  of  night  vision  of  gun  crews,  and  obstruct  the  vision  of 
aircraft  pilots.  Clearly,  a  stoichiometric  propellant  would  eliminate  such  a  flash, 
but  the  overriding  demand  for  acceptable  physical  properties  requires  that  solid 
propellants  for  rockets  and  guns  be  fuel  rich. 

The  alternative  is  to  try  to  prevent  ignition  of  the  fuel-air  mixture  by  the 
addition  of  chemical  suppressants.  Addition  of  such  suppressants  results  in  a 
decrease  of  gun  efficiency,  and  the  residue  of  these  suppressants  coats  the 
windshield  of  aircraft  obstructing  the  pilot's  vision.  Thus,  it  is  desirable  to 
minimize  the  amount  of  added  suppressant,  and  this  requires  an  understanding  of 
the  mechanisms  which  cause  secondary  flash. 

Studies  of  firings  of  single  shot  riiiles  and  cannons  reveal  the  principal  source 
of  ignition.  After  shot  ejection,  the  fuel  rich  propellant  gas  in  the  barrel  is  at  a 

pressure  on  the  order  of  3000  atmospheres  while  the  velocity  is  sonic  at  the 

muzzle.  The  geometry  of  the  flow  field  of  the  expanding  gas  is  shown  in  Figure  1. 
An  explanation  of  the  physical  reasons  for  such  a  llow  Held  can  be  found  in 
Reference  1.  It  is  sufficient  to  note  that  the  luel  rich  propellant  gas  mixes  with  air 
and  then  passes  through  a  normal  shock  wave  or  HMach  disk."  This  normal  shock 
provides  rapid  heating  of  the  combustible  gas  mixture  and  frequently  produces  a 
small,  brief  flash  known  as  primary  flash  even  in  the  presence  ol  suppressants. 
Although  this  primary  flash  is  acceptable,  the  shock  heating  and  primary  flash 
often  lead  to  secondary  Hash.  Thus,  analyses  of  secondary  flash  usually 

concentrate  on  the  gasdynamic  aspects  of  the  flow  field  alter  shot  ejection  with 

varying  degrees  of  emphasis  on  the  mixing  of  the  propellant  gas  with  air,  shock 
heating  of  the  fuel-air  mixture,  and  ignition  of  the  hot  fuel-air  mixture.  Of 
particular  interest  is  the  analysis  of  Heiney  and  West,*  which  uses  an  interior 
ballistic  code  to  calculate  the  temperature  and  velocity  of  the  propellant  gas 
leaving  the  muzzle  and  a  simple  one-dimensional  mixing  model.  All  shock  heating 

and  ignition  criteria  are  extracted  from  the  experimental  results  of  Cartagno. 

4  3 

This  analysis  and  other  more  complex  analyses  •  provide  reasonable  estimates  for 
the  amount  of  suppressant  which  must  be  added  to  a  propellant.  Single  shot  li rings 


of  the  propellant-suppressant  mixture  are  then  used  to  verify  these  predictions  and 
to  determine  the  optimum  amount  of  suppressant. 

Such  techniques  were  used  to  reduce  the  amount  of  suppressant  in  the 
propellant  for  the  GAU-8,  30  mm  rapid  fire  aircraft  cannon.  Although  no 
secondary  flash  was  observed  in  single  shot  firings,  flash  was  evident  in  rapid  fire 
tests.  Because  of  the  previous  success  of  such  analyses  and  experiments,  it  was 
believed  that  an  alternative  ignition  source  was  present. 

II.  OBJECTIVES 

The  objective  of  the  research  during  the  summer  period  was  to  identify  the 
mechanism  for  secondary  flash  in  rapid  fire  aircraft  cannons.  As  previously  noted, 
the  mechanism  for  ignition  of  secondary  Hash  in  single  fire  cannons  and  small  arms 
as  described  in  the  Introduction  was  not  believed  to  be  responsible,  since  single  shot 
lirings  did  not  produce  flash.  Once  the  mechanism  was  identified,  attempts  would 
be  made  to  remove  the  ignition  source  or  alter  the  analytical  model  to  predict  the 
required  amount  ol  suppressant.  Specifically,  the  objectives  were  to: 

(1)  Identify  the  mechanism  lor  ignition  of  secondary  flash  in  rapid  lire  cannons. 

(2)  Eliminate  the  source  ol  ignition  il  possible. 

(3)  Investigate  analytical  models  to  predict  the  differences  between  ignition 
mechanisms  lor  single  shot  lirings  and  rapid  lirings. 

(4)  Prepare  computer  codes  lor  (3),  compatible  with  the  interior  ballistics  codes 
and  secondary  Hash  codes  in  use  at  Eglin  AFB.* 

Identification  of  the  ignition  mechanism  would  be  accomplished  by  evaluation 
of  data  from  firings  consisting  primarily  of  high  speed  motion  pictures. 

III.  IDENTIFICATION  OF  THE  IGNITION  SOURCE 

The  search  for  the  ignition  source  generally  proceeded  along  two  paths.  Data 
from  the  initial  rapid-lirings  was  sketchy  and  it  was  hypothesized  that  ignition  of  a 
fuel-air  mixture  might  be  caused  by  a  subsequent  firing.  High  speed  motion 
pictures  of  later  firings  revealed  the  presence  of  blow-by  as  a  possible  ignition 
source  or,  at  least,  a  concurrent  event.  Each  of  the  paths  will  be  discussed  with 
primary  emphasis  on  the  blow-by  aspect. 

A.  Ignition  by  Subsequent  Firings. 

No  motion  pictures  were  made  of  the  initial  firings.  The  only  data  was  that: 


i)  secondary  flash  was  present,  and  2)  burning  slivers  of  propellant  were  being 
ejected  from  the  barrel. 

Secondary  flash  in  single  shot  cannons  must  be  sell -igniting,  i.e.,  the 
mechanism  for  ignition  must  be  within  the  dynamics  of  a  single  shot.  However,  in 
rapid  fire  cannons,  it  is  conceivable  that  firing  of  one  barrel  could  ignite  the 
propellant  gas-air  mixture  from  the  previous  barret.  In  this  case,  the  burning 
particles  could  act  as  ignition  sources  for  the  gas  cio'xf. 

For  static  firings  of  rapid  fire  cannons,  the  propellant  gas  accumulates  in 
front  of  the  cannon.  On  the  other  hand,  if  the  cannon  is  mounted  on  an  aircraft  in 
flight,  the  gas  cloud  will  be  swept  back  over  the  aircraft.  Thus,  the  initial  analysis 
was  to  prepare  a  simple  flow  field  model  to  predict  the  location  of  the  propellant 
gas  cloud  with  time. 

It  is  known  that  the  gas  cloud  from  a  static  single  shot  cannon  behaves  like  a 
moving  fluid  dynamic  source.*  The  source  term  produces  a  spherical  expansion  of 
the  gas  cloud.  The  movement  of  the  center  of  the  source  means  that  the  spherical 
cloud  will  be  convected  forward  in  the  case  of  static  firings,  or  backward  in  the 
case  of  in-flight  firings.  Rather  than  develop  a  complete  model,  the  moving  source 
model  was  used  with  two  free  constants:  the  source  strength  and  the  velocity  of  the 
source  center.  Realistic  values  of  these  two  constants  were  obtained  from 
photographs  of  static  firings.  The  velocity  of  the  source  center  for  firings  from  an 
aircraft  in  flight  was  assumed  to  be  the  difference  between  the  aircraft  flight 
velocity  and  the  static  source  center  velocity.  The  static  and  flight  models  are 
shown  in  Figure  2. 

The  results  were  not  surprising  and  could  have  been  extrapolated  from  the 
experimental  data  of  Reference  7.  The  initial  expansion  (source  term)  from  a  1 
inch  diameter  cloud  to  a  3  foot  diameter  cloud  occurs  on  the  order  of  i(T*  sec. 
During  the  period  10**  <  t  <  5  x  10"*  sec  this  cloud  of  nearly  constant  diameter 
convects  forward  or  backward  very  slowly.  For  subsonic  aircraft  using  high  rate  of 
fire  cannons,  the  gas  cloud  from  one  barrel  will  remain  in  the  path  of  subsequent 
firings.  Thus,  U  ignition  is  caused  by  burning  slivers,  the  aircraft  motion  will  not 
alleviate  the  problem. 

D.  Ignition  by  "Blow -by,** 

A  second  series  of  rapid  firings,  consisting  of  two  2%  shot  bursts,  one  39  and 
one  9%  shot  burst,  was  conducted  on  June  2%,  1913.  Two  high  speed  motion  picture 


cameras  were  used  to  record  the  firings. 

Each  of  the  201  shots  was  analyzed  for  primary  flash,  secondary  flash,  ejecta 
(burning  slivers),  and  ignition  of  previous  gas  cloud.  Both  films  were  used  to  cross 
check  the  data  analysis. 

Two  conclusions  were  evident  from  the  data: 

(1)  Some  barrels  flashed  frequently,  while  other  seldom  flashed,  and 

(2)  Secondary  flash  was  always  preceded  by  a  large  "pre-flash." 

Close  examination  using  frame-by-frame  analysis  revealed  that  the  "pre-flash"  was 
not  a  primary  flash  which  occurs  after  the  projectile  is  ejected,  but  occurs  before 
the  projectile  is  ejected.  This  normally  indicates  that  hot  propellant  gas  is  leaking 
past  the  rotating  bands,  and  precedes  the  projectile  out  of  the  barrel.  Such  leakage 
is  generally  associated  with  worn  barrels,  failed  rotating  bands,  or  hot  expanded 
barrels.  In  this  case,  it  was  determined  that  the  barrels  were  quite  worn  and  a  final 
series  of  firings  was  scheduled  using  new  barrels. 

A  final  series  of  firings  was  conducted  on  July  12, 19S3.  For  comparison,  one 
10  shot  and  one  25  shot  burst  of  "high"  suppressant  (standard  issue)  ammunition 
were  fired.  One  24  shot,  one  59  shot,  one  94  shot,  and  one  275  shot  burst  of  "low" 
suppressant  (nitramine)  ammunition  also  were  fired.  Two  high  speed  motion  picture 
cameras  were  again  used  with  one  camera  set  up  close  to  the  muzzle. 

In  short  bursts  (less  than  52  shots),  no  secondary  flash  was  observed.  For 
longer  bursts,  blow-by  was  observed  after  about  44  shots,  and  secondary  flash  was 
observed  after  52  shots.  It  was  concluded  that  as  the  barrels  heat  up,  they  expand 
and  gas  leaks  past  the  projectile  so  that  a  "flash"  of  hot  gas  precedes  the  projectile 
out  of  the  barrel.  This  flash  of  hot,  radiating  gas  is  quite  evident  in  the  close-up 
movies;  and  it  appears  that  after  shot  ejection,  the  propellant  gases  expand  through 
this  hot  gas. 

Thus,  it  was  decided  that  an  analysis  should  be  prepared  for  modeling  the 
interior  ballistics  of  leaking  guns  with  consideration  given  to  the  gasdynamics  of 
the  flow  lield  ahead  of  the  projectile. 

IV.  ANALYSIS  OF  LEAKING  GUNS 

Interior  ballistics  is  defined  as  the  branch  of  applied  mechanics  which  deals 
with  the  motion  and  behavior  characteristics  of  projectiles  while  under  the 
influence  of  gases  produced  by  the  propellant.  Because  the  pressure  of  the  gas 
behind  the  projectile  dominates  the  acceleration  of  the  projectile  in  the  barrel,  the 
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gas  ahead  of  the  projectile  (precursor  gas)  is  generally  ignored. 

Although  the  state  of  the  precursor  gas  is  unimportant  insofar  as  the  motion 
of  the  projectile  is  concerned,  it  is  necessary  to  develop  an  analysis  of  this  region 
since  it  is  believed  that  this  region  could  be  responsible  tor  igniting  secondary  flash 
in  rapid  fire  cannons.  Further,  it  is  necessary  to  re-evaluate  the  interior  ballistics 
analysis  because  the  leakage  reduces  the  effective  pressure  in  the  chamber. 

Corner  presents  an  analysis  for  the  interior  ballistics  of  leaky  guns,  but  it  is 
not  presented  in  the  formalism  of  current  analyses.  Thus,  a  new  analysis  for  the 
interior  ballistics  of  a  leaky  gun  is  developed  using  the  nomenclature  and 
approximations  of  Reference  2.  Presumably,  the  results  of  this  analysis  should  be 

g 

equivalent  to  Corner's  results. 

A.  Precursor  Analysis 

As  a  non-leaking  projectile  accelerates  down  the  barrel,  compression  waves 
are  generated  which  coalesce  to  form  a  shock  wave.  This  precursor  region  is  shown 
in  Figure  3,  for  a  typical  gun  condition.  A  description  for  this  flow  field  is  given  by 

o 

the  classical  piston  problem  in  Liepmann  and  Roshko. 

The  question  arises  as  to  how  this  region  changes  when  high  pressure,  hot 
propellant  gases  leak  past  the  projectile.  It  is  clear  that  the  velocity  at  the  "leak" 
is  sonic  and  the  flow  into  the  region  ahead  of  the  projectile  is  supersonic.  At  this 
point  numerous  isentropic  models  such  as  expansion  to  the  full  barrel  area,  and 
expansion  to  atmospheric  or  "shocked"  pressure,  were  considered  but  rejected  due 
to  discrepancies.  For  example,  isentropic  expansion  to  the  full  barrel  area  would 
give  a  gas  with  a  high  velocity  but  sub-atmospheric  pressure. 

A  realistic  (and  consistent)  model  is  shown  in  Figure  4.  In  addition  to  the 
usual  shock  generated  by  the  motion  of  the  piston,  a  second  shock  is  formed  at 
some  point  on  the  projectile. 

Referring  to  Figure  4,  the  high  pressure,  high  temperature  gas  from  Region  1 
leaks  past  the  rotating  band.  The  flow  in  Region  2  is  expanding  supersonically  with 
decreasing  temperature  and  pressure.  The  flow  then  shocks  to  Region  3,  expands 
subsonically  with  decreasing  velocity  and  increasing  pressure  to  a  final  region,  4,  at 
the  full  barrel  area.  The  final  velocity  (Region  4)  is  slightly  higher  than  the 
projectile  velocity  and  the  temperature  is  nearly  the  stagnation  temperature  of 
Region  1.  Regions  4  and  5  are  separated  by  a  contact  surface,  so  that  the  pressure 
and  velocity  in  Regions  4  and  5  must  be  identical.  Note  that  the  temperatures, 


densities  and  gases  are  different.  The  final  moving  shock  separating  Regions  5  and 
6  lowers  the  pressure  to  atmospheric  pressure  and  drops  the  velocity  to  zero. 

For  actual  calculations,  the  location  of  the  projectile  shock  must  be 
determined  by  trial  and  error.  For  given  stagnation  conditions,  leakage  area  and 
projectile  velocity;  calculations  proceed  from  Region  1  to  Region  6  using  one¬ 
dimensional  compressible  flow  relations^  with  an  assumed  projectile  shock 
location.  If  the  gas  in  Region  6  is  computed  to  have  atmospheric  pressure,  the 
correct  projectile  shock  location  has  been  determined. 

Two  computed  solutions  are  shown  in  Figure  4  for  large,  and  small  leakage.  It 
is  satisfying  to  note  that  as  the  leakage  decreases,  the  flow  field  approaches  the  no 
leak  flow  field  shown  in  Figure  3.  Further,  at  the  contact  surface  between  the  hot 
propellant  gases  (Region  4)  and  the  warm  air  (Region  5),  combustion  (which  is 
visible  in  motion  pictures)  is  possible. 

B.  Interior  Ballistics  Analysis 

The  interior  ballistics  codes  used  by  the  Air  Force  have  been  developed  for 
non-leaking  projectiles  and  mast  be  modified  to  account  for  leakage.  The  changes 
involve  a  restatement  of  the  energy  equation  and  the  burning  rate  equation. 

a  in 

Let  the  leakage  flow  rate  be  denoted  by  W.  Then  it  can  be  shown  that  1 

W  =  ptStVt  =  *prSt(RTr)-»  (I) 


where  5t  is  the  leakage  area,  pt  and  Vt  are  the  throat  density  and  sonic  velocity,  pr 
and  Tr  are  the  stagnation  pressure  and  temperature  in  Region  1  and  ^  is  a  function 
of  y  ,  the  specific  heat  ratio.  Thus,  for  an  assumed  leakage  area,  the  flow  rate  is 
dependent  only  on  the  current  chamber  conditions. 

Let  $  be  the  mass  of  propellant  gas  generated  by  combustion  and  N  be  the 
mass  of  propellant  gas  remaining  in  the  chamber.  Thus, 


d<f>  dN 

3t  =  3F 


♦  w 


(2) 


and  as  usual 


d$ 
3t  = 


ppV 


(3) 


where 

P 


is  the  propellant  density,  S 


P 


the  exposed  surlace  area,  and  r  the  burning 


rate. 
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Consider  the  control  volume  containing  the  combustion  chamber  as  shown  in 
Figure  5.  For  this  volume,  the  energy  equation  is:11 


-  Q  + 


/  *i 


dV + 


/  (h4v1  *v 


•  dS  =  O 


(4) 


pe  +  f  pV2) 

'v  s 

Since  the  volume  is  independent  of  time,  the  time  derivative  can  be  taken 
outside  of  the  volume  integral.  Within  Region  1,  the  volume  can  be  considered  to 
consist  of  three  sub  volumes  of  "gas."  Sub  volume  a  consists  of  a  true  gas  of  mass  N, 
volume  V*  ,  and  temperature  T.  Sub  volume  b  consists  of  a  dense  pseudo  gas  of 

c 

mass  (  — —  -  <f> ),  temperature  T0  and  volume  Volume  b  thus  is  a  gaseous 
representation  of  the  burning  propellant.  Volume  c,  representing  the  projectile,  is 
a  very  dense  gas  of  mass  Mp,  volume  Vc,  negligible  temperature  and  uniform 
velocity  V  .  The  volume  integral  can  thus  be  written  as 


♦  J  f  pv2  Adx  4  MpVp2  (5) 

Wb 

and  the  volume  integral  over  a  portion  of  Region  4  is  also  neglected.  Note  that  the 

Cw 

kinetic  energy  of  the  gas  (the  integral  over  volumes  a  and  b)  consists  of  mass  + 
N  -  If  we  neglect  the  loss  in  mass,  the  kinetic  energy  expression  from  Reference 
2  can  be  used.  Thus  Equation  (5)  is  written  as 


(6) 


and  is  the  "apparent  mass"  of  the  projectile.  Noting  that  the  temperature  T  is 
considered  to  be  the  "stagnation"  temperature,  and  the  mass  flux  through  the 
control  volume  is  W,  the  surface  integral  in  Eqatior.  (4)  is 
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h  +  j  V2 


v  r«/  ">'RTW 

pV-  dS.CpTW.^^j- 


where  is  the  molecular  weight  and  R  is  the  universal  gas  constant. 
From  Reference  2,  the  heat  loss  is 

dV 

-Q  =  *mavd  -a? 


(7) 


(8) 


Thus,  Equations  (4),  (6),  (7),  and  (S)  can  be  combined  to  give  the  energy 
equation  for  a  leaking  gun: 


JR 

M 


RT 


$j-T  =  — °#  -O+0HY-1) 


W 


Mw  dt 


MAVp 


—2 

dt 


-  Y^PrSt(RT)^ 


(9) 


which  agrees  with  Corner's*  expression. 

Note  also  that  if  St  =  0,  Equations  (2)  and  (3)  reduce  to 


(10) 


and  Equation  (9)  reduces  to 


R  dNT  RTo  dN 
~3t  ~  mw  at 


-a*tf)(Y-l)MAV 


(II) 


Equations  (10)  and  (11)  are  used  in  Reference  2.  Thus  Equation  (9)  is  consistent  with 
References  (2)  and  (8). 


V.  IGNITION  MODEL 

At  this  point,  computer  codes  are  available  tor  computing  the  flow  field 
ahead  of  a  leaking  projectile  and  for  computing  the  interior  ballistics  of  a  leaking 
gun.  The  interior  ballistics  program*  uses  a  time-dependent  procedure  which 
tracks  the  build-up  of  pressure  in  the  chamber  and  motion  of  the  projectile  with 
time.  Assuming  equilibrium  at  each  time  step,  the  flow  field  ahead  of  the 


projectile  could  also  be  developed  with  time. 

However,  as  a  tirst  attempt  at  obtaining  an  ignition  criteria,  a  simple  flow 
model  was  employed.  It  was  assumed  that  the  leak  is  very  small,  and  that  the  hot 
gas  bleeds  into  the  region  ahead  of  the  projectile  at  the  instantaneous  stagnation 
temperature  and  at  the  instantaneous  projectile  velocity.  Thus,  at  anv  time,  the 
gas  ahead  of  the  projectile  has  an  average  temperature  given  by: 


where,  W,  defined  in  Equation  (1),  is  computed  at  each  time  step. 

After  the  projectile  leaves  the  barrel,  the  precursor  gas  temperature  and  the 
propellant  gas  temperature  are  computed.  For  non-leaking  guns,  the  propellant  gas 
is  assumed  to  mix  with  cool  air  to  form  a  tuel-air  mixture  with  mixture  ratio,  r, 
and  temperature,  T.  This  mixture  is  compared  with  experimental  ignition 
temperatures,  T.  f  at  various  mixture  ratios  to  determine  whether  the  mixture 
will,  may,  or  will  not  flash. 

For  leaking  guns,  the  simple  flow  model  compares  both  the  precursor 

temperature  and  the  propellant  temperature  with  experimental  ignition 

temperatures.  As  an  indication  of  the  approximate  leakage  area,  5t,  it  is  known 

that  leakage  decreases  the  muzzle  velocity  by  200  ft/sec.  Calculations  with  the 

leaking  interior  ballistics  codes  indicate  that  the  corresponding  leakage  area  is 
2 

0.0005  in  .  This  is  reasonable  since,  if  the  rotating  bands  were  not  present,  the 
leakage  area  would  be  about  0.005  in*. 

As  would  be  expected,  the  leaking  gas  decreases  the  temperature  of  the 
propellant  gas  and  slightly  reduces  the  tendency  of  the  propellant  gas  to  flash  (See 
Fig.  6).  However,  the  precursor  gas  temperature  predicted  by  Equation  (12)  is  quite 
high  (  ^  1850°K  ),  so  that  the  precursor  will  always  flash.  In  fact,  motion  pictures 
show  it  to  be  ignited  within  the  barrel.  Thus  the  simple  precursor  ignition  model 
does  not  seem  to  indicate  a  simple  criterion  for  ignition  by  the  precursor. 

VI.  RECOMMENDATIONS 

The  problem  of  secondary  flash  in  rapid  fire  aircralt  cannons  has  been 
investigated.  Motion  pictures  revealed  that  concurrent  with  the  occurrence  of 
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secondary  flash  is  the  appearance  of  "blow-by"  or  hot  propellant  gas  leaking  past 
the  projectile.  This  hot  gas  appears  to  be  the  ignition  source  for  the  remainder  of 
the  propellant  gas  wh;ch  is  expelled  after  shot  ejection.  This  event  is  not  generally 
encountered  in  single  fire  cannon  tests,  which  are  used  to  test  for  secondary  flash. 

Analyses  of  the  gasdynanics  of  the  regions  ahead  of  and  behind  the  projectile 
for  a  leaking  gun  i.s  Ve  been  de  /eloped.  A  limiting  case  for  the  region  ahead  of  the 
projectile  has  been  combined  with  the"leaking"  interior  ballistics  codes  to  predict 
ignition  of  the  precursor  gas.  This  model  did  not  produce  a  reliable  criteria  for 
predicting  secondary  flash,  due  to  the  simplicity  of  the  precursor  model. 

It  is  recommended  that  the  complete  precursor  gas  model,  including 
expansion  of  the  precursot  region,  be  interfaced  with  the  interior  ballistics  codes  to 
produce  more  comprehensive  calculations.  Further,  the  shock  heating  model  used 
to  predict  heating  of  the  fuel-air  mixture  should  be  adjusted  to  account  for  the 
lower  pressure  (weaker  shock)  of  the  precursor  gas. 

In  single  shot  testing,  "good"  barrels  are  normally  used  to  prevent  facility 
damage  by  erratic  projectile  trajectories.  If  measures  are  employed  to  prevent 
such  damage,  worn  barrels  could  be  used  to  allow  Mblow-bvM  on  single  shot  firings 
and  to  test  for  "optimum”  suppressant  amounts. 
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FIGURE  3-  PRECURSOR  FLOW  FIELD  OF  NONLEAKING  PROJECTILE 
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FIGURE  4  -  PRECURSOR  FLOW  FIELD  OF  LEAKING  PROJECTILE 


FIGURE  5  -  CONTROL  VOLUME  FOR  ANALYSIS 
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ABSTRACT 


Analytical,  experimental,  and  finite  element  models  were  developed 
for  spinal  motion  segments  including  the  vertebra  and  the  intervertebral 
disk  (IVD).  The  cortical  and  cancellous  bone  were  assumed  to  be  elastic, 
whereas  the  disk  tissue  (nucleus  and  annulus)  were  assumed  to  behave 
"poroelastically"  as  deformable  porous  solids  through  which  a  fluid  can 
flow.  Simple  one-dimensional  poroelastic  models  were  used  to  estimate 
mechanical  parameters  for  creep  response  data  for  rhesus  IVD's  (L^  -  I ^ 
level).  A  prototype  axlsymmetric  finite  element  model  of  the  rhesus  IVD 
(L^  -  L  level)  was  developed.  Deformation,  internal  stress,  pore  fluid 
pressures,  and  pore  fluid  motion  results  were  obtained  for  spinal  motion 
segments  in  axial  coapression  subjected  to  static,  step  (creep),  and 
steady-state  (sinusoidal)  loading.  The  results  of  this  project  demon¬ 
strate  that  meaningful  poroelastic  models  can  be  developed  which  will 
allow  a  detailed  consideration  of  the  mechanics  of  spinal  motion  segments. 
Models  of  this  type  will  be  applicable  to  the  study  of  aircraft  ejection 
phenomena;  crash  Injury;  disk  degeneration,  enucleation,  and  herniation 
processes;  as  well  as  provide  a  fundamental  understanding  of  the  relation 
of  possible  fluid  notion  in  the  disk  to  Internal  stresses,  pressures,  and 
pathways  for  transport  of  materials  to  and  from  the  avascular  regions  of 
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I.  INTRODUCTION 


The  spine  is  a  complicated,  dynamically  loaded  system  composed  of  a 
regular  pattern  of  spinal  motion  segments  (SMS).  Each  SMS  has  an  inter¬ 
vertebral  disk  (IVD)  acting  as  a  relatively  soft  tissue  structure  between 
the  more  rigid  boney  vertabral  bodies.  Structural  models  for  the  SMS  are 
of  practical  importance  in  the  following  studies:  aircraft  ejection 
events  and  ejection  seat  design,  long-term  structural  fatigue  in  the 
spine,  spinal  crash  injury  analysis,  lower  back  pain  syndromes,  and  (IVD) 
herniation  and  enucleation.  Such  models  will  also  allow  the  study  of  the 
fundamental  mechanics  and  behavior  of  "normal"  and  "degenerated"  disks. 
Finite  element  models  developed  in  conjunction  with  experimental  models 
can  be  effective  in  predicting  deformations  and  stresses  in  the  spine. 
Various  analytical,  experimental,  and  finite  element  models  have  been  pro¬ 
posed  for  the  SMS  that  were  based  on  elastic  and  viscoelastic  material 
response  models.  Such  models  are  somewhat  phenomenological  and  do  not 
give  a  unified,  physically  based  description  of  observed  disk  characterics 
such  as  incompressible  nuclear  material  behavior,  fluid  motion  in  the 
disk,  and  long-term  creep.  In  this  report  the  IVD  was  viewed  as  a  poro- 
plastic,  two-phase  material  composed  of  a  deformable  porous  solid  phase 
through  which  a  fluid  phase  is  allowed  to  flow.  This  "biphasic"  model 
gives  a  physical  basis  for  the  observed  history-dependent  SMS  response  by 
associating  relative  fluid  flow  losses  with  hydraulic  permeability  in  the 
IVD  tissues.  Finite  element  models  based  on  this  poroelastic  allow  de¬ 
tailed  representation  of  materials,  geometry,  and  boundary  conditions  and 
can  predict  deformation,  stresses,  and  in  particular  pore  fluid  motion  in 
the  IVD.  What  is  needed  now  are  (1)  a  quantitative  description  of  the 


materials  in  Che  SMS  (including  a  poroelastic  material  model  for  the  IVD) 


and  (2)  a  concurrent  development  of  the  corresponding  methods  for  finite 
element  analysis  of  the  SMS. 

II.  OBJECTIVES 

The  AFAMRL  has  been  active  in  the  development  of  experimental,  ana¬ 
lytical,  and  finite  element  modeling  of  the  spine  and  SMS’s.  The  objec¬ 
tive  of  the  research  described  here  was  to  expand  these  efforts  in  the 
following  areas : 

A.  Mechanical  parameter  identification  and  quantification.  Avail¬ 
able  experimental  cre^p  data  was  considered  using  a  poroelastic  model 
developed  to  describe  the  soft  tissues  of  the  nucleus  and  annulus. 

Creep  response  data  for  rhesus  monkey  SMS's  (L^  -  level)  was  evaluated 
using  several  types  of  analytical  poroelastic  models  and  mechanical  pro¬ 
perties  were  identified  and  quantified. 

B.  Finite  element  analysis.  A  prototype  axisymmetric  finite  ele¬ 
ment  model  (fern)  was  generated  for  the  level  rhesus  SMS.  The  fern 

represented  the  cortical  and  cancellous  bone  of  the  vertebral  bodies  as 
elastic  materials,  whereas  a  poroelastic  material  model  (based  on  the  re¬ 
sults  of  A.)  was  used  to  represent  the  nucleus  and  annulus  of  the  IVD. 

This  fern  was  used  to  predict  the  static,  transient  creep,  and  steady- 
state  structural  reponse  of  the  SMS. 

HI.  SUMMARY  OF  THE  THEORETICAL  BASIS 

The  poroelastic  models  described  here  are  based  on  the  theory  of 
Blot1  which  can  be  expressed  in  a  matrix  notation  in  terms  of  the  dis¬ 
placement  of  the  solid  phase  u,  and  the  relative  fluid  displacement  vector 
w.  The  coupled,  dynamic  equilibrium  equations  for  the  two  phases  are 


(no  body  forces) 


tT 
L  o 


t#  it 

pu  +  p^.w  and  Vir^ 


*»  P  f  _  _i. 

PrU+— -w+k  w 
i  ~  n  - 


(1) 


T 

where  the  solid  strain  e  *  Lu  and  fluid  strain  ;  ■  7w  are  related  to  the 
total  stress  o  and  pore  fluid  pressure  via  a  linear,  isotropic  consti¬ 
tutive  lav  of  the  form 


A 

o  -  De  +  aQmc  and  7rf  ■  aQm  e  +  Qc  (2) 

In  the  above  L,  7,  and  m  are  matrix  forms  for  operators  of  spatial  par¬ 
tial  derivatives,  and  the  del  operator,  and  the  Kroneker  delta,  respec¬ 
tively,  and  superposed  dot  implies  a  time  partial  derivative.  Equation 
(2)  can  be  written  as 


a  ■  De  +  am  irr  where  D 


(3) 


Here  D  is  the  "drained"  material  stiffness  matrix  containing  the  drained 
elastic  modulus  and  Poisson  ration,  E  and  v.  Parameters  a  and  Q  are  ad¬ 
ditional  material  constraints  (described  by  Biot1*2  and  Simon,  et  al.3*4) 
The  remaining  material  properties  are  the  permeability  k,  the  porosity  n, 
and  the  overall  density  P  -  (l-n)p  +  no-  where  p  and  p .  are  the  densi- 
ties  of  the  solid  and  fluid  phases.  Boundary  and  initial  conditions  com¬ 
plete  the  description  of  the  boundary  value  problems. 

A  fern  can  be  utilized  to  discretize  the  above  equations.  Spatial 
interpolations  using  shape  functions  and  Nw  for  displacements  are 
u  ■  N^u  and  u  "  N^ydn  terms  of  nodal  displacements  u  and  v)  yielding 
discrete  dynamic  equilibrium  equations  in  each  finite  element  of  the  form 

Mr  +  Cr  +  Kr  -  R  (4) 


ft' 


where  r  58  [u  |w  ]  and  M,  C,  K,  and  R  are  consistent  mass,  damping 

stiffness,  and  load  matrices  (see  Ghaboussi  and  Wilson5).  The  assembled 
form  of  equation  (4)  is  a  very  large  set  of  coupled,  ordinary  differen¬ 
tial  equations  that  can  be  integrated  in  time  given  R(t)  and  appropriate 
boundary  and  initial  conditions.  Solutions  are  obtained  for  (a)  static 
analysis  with  R  -  Rq  by  solving  Kr  -  Rq;  (b)  for  quasi-static  transient 
creep  analysis  with  R  *  RQl(t),  step  loading,  by  solving  Cr  +  Kr  *  RQl(t); 
and  (c)  steady-state  analysis  with  R  -  ^e^^,  oscillatory  loading  and 
displacements  r  *  rQe^a>t,  by  solving  [-u)2M  +  jwC  +  K]rQ  *  Rq  with 
j  5  /T  and  a)  *  frequency.  Full  dynamic  solutions  for  transient  analysis 
are  obtained  by  applying  appropriate  time  integrators  (explicit,  implicit, 
staggered,  etc.)  to  equation  (4)  for  given  R(t). 


IV. 


REPRESENTATIVE  RESULTS 


A.  Creep  models.  Equations  (1)  -  (3)  can  be  written  in  the  form 
of  a  single  diffusion  equation  for  a  one-dimensional  model  of  a  creep 
test  on  the  SMS.  A  series  solution  following  Biot2  was  obtained  and  used 
as  an  analytical  model  for  the  observed  creep  in  three  rhesus  SMS's 

(L£  -  level).  The  experimental  data  (provided  by  E.P.  France6)  was 
analyzed  using  this  model  and  a  minimization  search  program  (based  on  the 
method  of  Powell7)  determined  optimal  values  (in  the  least  squares  sense) 
for  material  parameters  E,  k,  and  the  fluid  bulk  modulus  for  given 
values  a,  v,  and  n.  Here  note  that  Q  *  [n/K^  +  3(l-2v) (a-n) (l-a)/E]  . 

Figure  1-A  shows  the  analytical  fit  of  experimental  data  for  one  rhesus 
SMS  (#0AIAA).  Figure  1-B  depicts  the  creep  response  (model  and/or  ex¬ 
perimental)  for  all  three  SMS's  considered  here.  Analytical  and  experi¬ 
mental  response  curves  were  virtually  identical  after  search.  The 
average  values  for  material  properties  were  E  -  0.106  x  10 7  N/m2, 
k  -  0.275  x  10"1S  inVNs,  and  Kf  -  0.140  x  108  N/m2  (with  a  -  0.9, 
v  •  0.45,  n  ■  0.7  and  step  loadiug  of  66.72  N  ■  15  lb  for  all  disks). 
These  values  are  similar  to  values  reported  in  the  literature  by  Urban 
and  Maroudas8  and  by  Mow,  etal.9  permeability  and  elastic  modulus  of 
soft  tissues.  However,  the  value  for  Kf  is  well  below  that  of  water  im¬ 
plying  that  the  pore  fluid  in  these  disks  may  be  compressible.  The 
values  of  these  parameters  are  useful  in  interpreting  one-dimensional 
test  results,  but  must  be  reconsidered  (see  below)  before  being  utilized 

in  two- (or  three)  dimensional  structural  models  of  a  SMS. 

B.  Finite  Element  Model.  Figure  2  shows  a  prototype  axisymmetric 
fem  of  a  representative  rhesus  SMS  at  the  L2  -  L3  level.  The  fem  is  com- 
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posed  of  121  nodes  and  uses  99  four-noded  quadrilateral  elements  plus  one 
triangular  element.  At  the  outset,  some  of  the  results  reported  here  will 
be  improved  by  using  more  refined  grids  in  future  fern’s.  The  vertebrae  is 
composed  of  an  elastic  cancellous  core  surrounded  by  a  thin  elastic  cor¬ 
tical  shell.  The  nucleus  and  annulus  were  represented  as  poroelastic 
materials.  The  material  properties  of  A.  were  used  as  first  estimates 
for  the  response  of  the  IVB  fern.  Values  for  these  one-dimensional  fit 
parameters  were  then  adjusted  in  the  fern  until  reasonable  agreement  was 
obtained  between  fern  and  experimental  creep  response  for  the  three  rhesus 
SMS  (see  Figure  1-B).  The  final  adjusted  poroelastic  properties  of  the 
annulus  were  -  0.201  x  107  N/m2,  ■  0.692  x  10~15  m4/Ns, 

■  2.21  x  109  N/m2,  vA  -0.45,  <*A  -  0.9,  nA  ■  0.7.  Here  is  elevated 
A 

significantly.  Further  research  should  be  Initiated  to  determine  values 
for  in  models  of  this  kind.  The  nucleus  was  assumed  to  have  identical 
properties  except  the  elastic  modulus  was  reduced  to  *  0.201  x  105  N/m2 
to  simulate  a  more  "fluid-like"  nuclear  behavior.  Elastic  proper¬ 
ties  of  the  vertebra  were  E  -  1.75  x  107  N/m2  and  E  ■  3.3  x  10®N/m2 

can  cort 

for  the  cancellous  and  cortical  bone,  respectively  and  v  ■  v  •  0.25. 

can  cort 

Symmetrical  displacement  boundary  conditions  were  assumed  for  the  solid 
and  fluid  phases  in  the  fem(see  Figure  2).  The  pore  fluid  was  allowed  to 
flow  freely  between  the  nucleus  and  annulus  and  the  disk  and  vertebrae. 

No  flow  was  allowed  at  the  *outer* boundary  of  the  disk.  Static,  step 
(creep) ,  and  oscillatory  uniform  traction  was  applied  at  the  "top"  (mid¬ 
centrum  plane)  of  the  fern  and  deformation,  stress,  and  pore  fluid  motion 
were  calculated  in  each  case  using  the  solution  schemes  discussed  above. 
Only  a  representative  sample  of  the  results  will  be  described  here  with 
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more  details  to  appear  in  subsequent  publications. 

The  creep  analysis  using  the  fem  revealed  an  interesting  transient 
history  of  deformation,  stress,  and  fluid  motion  associated  with  the 
long-term  creep  of  the  SMS.  Figure  1-B  shows  the  fem  creep  displacement 
vs.  time  results.  Figure  3  shows  a  typical  deformed  shape  of  the  rhesus 
SMS  and  the  corresponding  relative  flow  field  in  the  IVD  after  84  minutes 
of  creep  have  transpired.  Bending  in  the  cortical  shell  and  deformation 
of  the  cancellous  core  in  the  vertebra,  bulging  of  the  disk  and  deforma¬ 
tion  of  the  nuclear-annular  border  associated  with  creep  are  apparent. 

The  fluid  motion  (relative  to  the  deforming  solid)  in  the  disk  indicates 
that  the  creep  response  is  associated  with  flow  from  the  disk  into  the 
vertebral  body  as  well  as  with  the  flow  radially  outward  from  nucleus  to 
annulus.  The  model  indicates  that  after  84  minutes,  minimal  flow  has 
developed  in  the  central  interior  region  of  the  nucleus  due  to  the  very 
low  nuclear  permeability.  Greater  flow  is  present  in  the  annulus  at  this 
time  (even  though  annular  permeability  is  also  very  low)  due  to  deforma¬ 
tion  of  the  tissue  and  its  interaction  with  the  flow  in  the  pores. 

Figure  4  is  representative  of  the  large  amount  of  stress  analysis 

data  obtained.  FI  .ure  4-A  shows  o  contours  associated  with  the  static 

zz 

analysis  and  Figure  4-B  shows  the  "effective"  von  Mlses  stress  contours 
(after  84  minutes  of  creep)  as  an  indicator  of  spatial  stress  level 
variations  in  the  SMS.  Here  "effective"  stress  is  taken  in  the  soil 
mechanics  usage  (see  Biot1)  for  the  poroelastic  disk,  i.e.  effective 
stress  g*  is  the  portion  of  the  total  stress  o  in  excess  of  the  local 
fluid  pressure  (here  gf  ■  o-i^)  and  is  associated  with  failure  analysis 
in  porous  media.  The  von  Mises  formula  is  then  applied  to  the  components 


of g  *  to  give  a  single  number  to  represent  effective  stress  level  at  a 
point  in  the  fem.  Inspection  of  Figure  4  reveals  regions  where  stress 
levels  are  elevated,  e.g.  at  t  *  84  minutes  a  number  of  areas  in  the 
vertebral  cortical  shell  are  highly  stressed  due  to  bending.  A  region  of 
elevated  stress  occurs  at  the  outer  mid-line  of  the  annulus.  Comparison 
of  effective  von  Mises  stresses  with  material  strength  may  give  an  indi¬ 
cation  of  possible  areas  where  failure  is  likely  in  the  SMS,  e.g.  the 
location  of  stress  concentration  at  the  side  of  the  fem  corresponds  to 
observed  failure  sites  in  the  SMS. 

It  is  important  to  note  that  transient  analyses  of  impact  load  con¬ 
ditions  (similar  to  the  creep  study  above)  can  be  carried  out  using  this 
type  of  fem  and  time  Integration  of  equation  (4).  The  computer  program 
used  here  has  been  applied  successfully  to  such  problems  in  soil 
mechanics  where  dynamic  effects  and  stress,  waves  are  of  importance. 

Short  term  transient  applied  stress  histories  (associated  with  ejection, 
crash,  etc.)  could  now  be  applied  to  the  present  fem  and  the  corresponding 
deformation  and  stress  time  sequences  could  be  calculated. 

Other  results  were  also  produced  using  this  fem.  The  static  analy¬ 
sis  revealed  displacements  and  stresses  similar  to  the  creep  study  above 
with  the  exception  of  the  fluid  flow  field.  The  relatively  low  values 
for  permeability  yield  an  "undrained"  steady-state  pore  fluid  flow  field 
where  w  3  0  in  the  "normal"  disk  over  a  wide  range  of  frequency.  This 
condition  corresponds  to  the  observed  "incompressible"  response  of  the 
nucleus.  Steady-state  fem  results  exhibited  Impedance  and  phase  angle 
versus  frequency  trends  that  were  very  similar  to  experimental  data  re¬ 
ported  by  Kazarian10  for  SMS*s  -  again  supporting  the  validity  of  a 


poroelastic  soft  tissue  model.  Pore  fluid  pressure  contour  plots  suggest 
that  positive  values  for  (i.e.  tension)  may  develop  in  the  IVD.  The 
possible  significance  of  this  is  currently  being  studied. 

X.  RECOMMENDATIONS 

The  sample  results  presented  here  demonstrate  the  potential  and  the 
feasibility  of  carrying  out  structural  analyses  of  SMS's  using  analyti¬ 
cal,  experimental,  and  finite  element  models  based  on  a  poroelastic 
material  model  for  the  IVD.  Recommendations  for  continuation  of  this 
project  are  in  the  following  specific  avenues  of  research: 

1.  Experimental  and  the  associated  data  analysis  modeling  should  be 
expanded.  The  initial  linear  views  of  the  observed  material  response  in 
a  SMS  can  now  be  broadened  to  include  directional  effects  (anisotropy), 
nonlinearity  (both  geometric  and  material),  as  well  as  inclusion  of  fluid 
viscosity  and  linear  and  nonlinear  viscoelasticity  in  the  solid  phase 

in  addition  to  the  incorporation  of  nonlinear  flow  losses  (k  not  con¬ 
stant)  in  the  porous  media  material  model.  Further  development  of  creep 
tests,  volumetric  compliance  teats,  Jacketed  and  unjacketed  material 
tests,  (see  Biot1'2),  etc.  should  be  undertaken.  Analytical  and  ex¬ 
perimental  programs  should  be  developed  in  parallel  to  provide  more 

realistic  and  meaningful  structural  models.  Further,  attention  should 
be  devoted  to  producing  more  accurate  two- (or  perhaps  three-)  dimensional 

data  analysis  schemes.  The  application  of  the  finite  element  model  in  an 
"inverse  sense"  to  determine  material  properties  (see  Iding,  et  al.11) 

Is  a  promising  approach  to  this  aspect  of  analytical-experimental 
modeling  efforts. 

2.  Further  work  should  be  initiated  to  extend  the  prototype  fern 
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described  here  when  the  more  detailed  and  accurate  material  descriptions 
of  1.  above  become  available,  anisotropy,  nonlinearity,  viscoelasticity, 
fluid  viscosity,  etc.  can  be  introduced  into  an  improved  fern.  Current 
linear  models  can  readily  be  extended  to  study  shorter  duration,  transient 
events  (related  to  ejection,  crash,  parachute  opening,  etc.)  Further 
development  of  steady-state  and  transient  creep  fern’s  should  provide 
information  regarding  possible  structural  fatigue  in  the  spine.  Possible 
mechanisms  for  IVD  degeneration  might  be  simulated  and  studied  by  vary¬ 
ing  mechanical  parameters  in  the  fern  of  a  SMS.  Kazarian’s  data12  suggests 
a  relation  between  degeneration  and  elevated  disk  permeability  k.  Values 
for  k  could  be  increased  in  the  fern  and  the  resulting  changes  in  struc¬ 
tural  response  (deformation,  stress,  pore  fluid  flow)  could  be  predicted 
and  assessed.  Similar  fern’s  with  "normal"  mechanical  properties  will 
provide  insight  regarding  the  "normal"  mechanics  of  a  SMS.  The  predic¬ 
tion  of  flow  fields  in  a  normal  IVD  will  yield  an  insight  into  possible 
paths  for  transport  of  materials  to  cells  resident  in  the  avascular 
interior  disk  regions.  Simulation  of  possible  mechanical  changes  in 
these  paths  in  a  fern  would  be  useful  in  the  study  of  pathological  con¬ 
ditions  in  a  SMS.  Future  fern’s  could  be  developed  to  study  the  disk 
herniation  process  or  the  prediction  of  the  structural  effects  of  disk 
enuclea.ion  (either  by  surgical  or  chemical  means).  Eventually,  three- 
dimensional  fern’s  could  be  developed  for  consideration  of  problems  where 
a  very  detailed  prediction  of  the  structural  response  of  the  spine  (or 
its  Individual  SMS’s)  is  required.  Such  three-dimensional  fern's  can  only 
be  generated  by  building  upon  the  experience  gained  from  two-dimensional 
fern's  and  the  associated  data  analysis  and  experimental  modeling  efforts. 
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DISPLACEMENT,  u  X  Iff 3  (m*t«r>j) 


FIGURE  I  -  A.  CHEEP  DISPLACEMENT  VS.  TIME.  ANALYTICAL  (l-D,BIOT)  FIT  OF 
EXPERIMENTAL  DATA  (RHESUS  IVD,  Lj-Lj,  #0AIAA) 


DISPLACEMENT,  u  x  10*3 


FIGURE  1  -  b.  CREEP  DISPUCOffJff  VS.  TIME.  FINITE  EIEMENT  MODEL 
(AXIST>*ETRIC)  AND  fcXPEKI MENTAL  DATA  (THREE  RHESUS 
IVD'S,  L1»Lj;#0j3AA,#0AIAA/#03VAA) 
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figure  3.  AJasTDtemic  kimitc  tut»3rr  Ktsuirs  rm  a  -  solid  wspuaaims 

AMD  %  -  wunvi  ru/iu  DlSPLAQJttWTS  A>TBt  TRAMS  LENT  CRLt* 
UHTIL  TIMK  -  tk  Kjmmcs. 
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EFFECTS  OF  FLUID  SHIFTS  AND  HYPOVOLEMIA  IN  INDIVIDUALS  WITH  DIFFERENT 
WORKING  CAPACITIES  WHILE  RESTING  AT  A  FIVE  DEGREE  DECLINATION 


by 

Debra  K.  Rotto 
Diane  M.  Rotto 
William  G.  Squires 
ABSTRACT 

Data  from  actual  space  flight  studies  have  demonstrated  functional 
abnormalities  and  changes  of  the  cardiovascular  system  immediately  post- 
flight.  Interest  lies  in  vhat  occurs  to  the  body  during  exposure  to  zero 
gravity  that  could  account  for  these  p  -  -flight  alterations  in  cardio¬ 
vascular  functions.  During  zero  gravity  or  head-down  rest,  the  hydro¬ 
static  intra-  and  ex tr avascular  pressure  gradients  that  are  normally 
present  in  the  upright  position  are  abolished  or  minimized.  This  causes 
a  headward  shift  of  body  fluids  from  the  lcwer  portions  of  the  body  cavity. 
This  massive  fluid  shift  induces  adaptive  changes  in  other  body  systems, 
such  that  reexposure  to  normal  gravitational  forces  produces  signs  of 
of  orthostatic  intolerance.  These  adaptive  changes  include  the  following: 
inhibition  of  the  renin-angiotensin  and  ADH  systems ,  diuresis ,  decreased 
blood  volume,  weight  loss  associated  with  diuresis  and  decreased  blood 
volume,  inhibition  of  sympathetic  activity  due  to  decreased  levels  of 
circulating  catecholamines  and  increased  activity  of  the  carotid  sinus 
nerve,  decreased  stroke  volume,  no  change  (or  slight  increase)  in 
arterial  pressure,  cardiac  output,  or  the  contractile  state  of  the  heart, 
compensatory  bradycardia,  increased  right  and  left  atrial  filling  pressures 
and  central  venous  pressure » increased  left  ventricular  end-diastolic 
volume  and  left  ventricular  ejection  fraction,  decreased  leg  volumes  and 
increased  forearm  volumes .  Preliminary  studies  were  done  on  a  dog  and  the 
expected  changes  in  the  cardiovascular  parameters  were  found.  Contractility 
of  the  heart  increased,  left  ventricular  pressure  increased,  left  ventric¬ 
ular  end-diastolic  pressure  increased,  heart  rate  decreased,  renal  blood 
flow  and  carotid  blood  flew  increased,  and  systemic  arterial  pressure 
increased  after  the  dog  was  tilted  five  degrees  head  djwn  for  one  hour. 
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I.  INTRODUCTION: 


The  major  focus  of  the  experiment  will  be  to  compare  responses  to 
zero  gravity  and  orthostatic  tolerance  post- tilt  between  individuals  with 
different  fitness  levels.  Understanding  the  mechanisms  involved  requires 
elucidation  of  changes  in  plasma  renin-angiotensin  levels,  plasma  catechol¬ 
amine  levels,  body  fluid  shifts,  and  segmental  volume  changes.  As  a  result, 
further  significance  could  be  drawn  from  this  study  regarding  the  use  of 
the  head-down  tilt  method  as  a  means  of  pre- flight  preparation  for  the 
pilot. 

With  the  advent  of  manned  space  flight  new  questions  have  arisen  as 
to  the  effects  of  zero  gravity  on  human  cardiovascular  function.  The 
adaptive  responses  of  man  to  this  new  type  of  environment  involve  many 
interrelated  and  cociplex  organ  systems.  Data  from  actual  space  flight 
studies  have  shewn  no  signs  of  severe  cardiovascular  impairment  but 
functional  abnormalities  and  changes  of  the  cardiovascular  system  have  been 
demonstrated  immediately  post- flight. 6 >9 >24,30, 31, 32  Interest  ^eg  ^ 
what  occurs  to  the  body  during  exposure  to  zero  gravity  that  could 
account  for  these  post -flight  alterations  in  cardiovascular  function. 

Because  of  time,  method,  and  other  limitations  during  actual  space 
flight  studies,  it  is  necessary  to  develop  ground-based  simulations  of 
weightlessness.  Bed  rest  and  water  immersion  both  produce  the  same  human 
responses  as  those  seen  with  prolonged  exposure  to  zero  gravity.  However, 
recent  Russian  and  American  studies  have  demonstrated  that  a  slightly 
head-dewn  position  (from  -4°  to  -6°)  produces  effects  qualitatively 
similar  to  those  of  bed  rest  except  that  the  adaptation  is  accelerated. 
During  short-term  experiments  head-down  tilt  produces  a  greater  degree 
of  cardiovascular  deconditioning  than  horizontal  bed  rest  of  equal 
duration.  Water  immersion  has  also  been  used  to  simulate  zero  gravity, 
though  there  are  problems  inherent  in  this  technique.  Prolonged  immersion 
is  logistically  difficult  because  of  skin  lesions  due  to  maceration  and 
presence  of  hydro  static  pressures  alters  respiratory  mechanisms.  The 
temperature  of  the  bath  is  also  critical .  Thermoregulatory  mechanisms 
disturb  the  hydrostatic  effects  if  the  bath  is  not  thermoneutral,  i.e. , 
kept  at  33-35°  C.  In  general,  the  comparisons  of  the  effects  of  space 


flight  and  head- down  tilt  support  the  use  of  tilt  as  a  simulation  method 
for  cardiovascular  studies  since  it,  rather  than  bed  rest  and  water  imnersion 
most  closely  resembles  conditions  during  weightlessness. 

During  normal  erect  posture  most  blood  volume  is  usually  maintained 
belcw  the  level  of  the  heart.  Under  zero  gravity  or  head-down  rest  there 

is  a  headward  shift  of  body  fluids  form  the  lower  portions  of  the  body. 

(5,6,10,18,40,44)  ^  r  , 

Therefore,  blood  tends  to  pool  in  the  thoracic  cavity. 

This  massive  fluid  shift  induces  adaptive  changes  in  other  body  systems. 

These  changes  are  referred  to  in  Figure  1  below. 


f HYS IOLOC 1  CAL  RESPONSES  TO  HEAD-DOWN  TILTINCf-S® 


the  same  USAF-SCEEE  Simmer  Support  Program  sponsored  by  the  Air  Force 
Office  of  Scientific  Research.  What  follows  is  the  proposed  protocol 
for  this  experiment. 

However,  a  preliminary  study  involving  dog  models  was  undertaken 
this  simmer  and  results  shewed  the  expected  relative  changes  in  the 
cardiovascular  system  of  the  dog  when  it  was  tilted  5°  head-dewn. 

A  study  similar  to  the  one  outlined  here  using  trained  and  un¬ 
trained  dogs  instead  of  human  subjects  as  the  experimental  models  is 
currently  being  written  for  an  AFOSR  mini-grant  and  if  approved  it 
will  be  conducted  in  the  fall  and  winter  of  1983 . 


II.  OBJECTIVES: 

The  objectives  of  this  experiment  are  to  determine  if  individuals 
of  different  working  capacities  respond  differently  to  head-down  tilting 
and  to  elucidate  the  time  course  of  volume  changes  in  the  right  and  left 
heart,  so  that  a  correlation  between  these  changes  with  other  biochemical 
and  physiological  changes  may  be  made.  In  this  way  a  clearer  under¬ 
standing  of  the  mechanisms  involved  with  volume  regulation  might  be 
brought  forth. 

III.  PROCEDURES: 

A.)  Hunan  Study:  The  experiment  will  use  a  radionuclide  cardio¬ 
vascular  imaging  technique  that  will  measure  blood  volume  changes  in  both 
the  right  and  left  heart.  Individuals  undertaking  this  protocol  will 
undergo  and  baseline  stress  thallium  scan  and  baseline  multiple  gated 
radionuclide  angiogram  (MJGA) .  MUGA's  performed  during  the  experiment 
will  require  injections  of  technetium  (Tc^^111)  vhich  will  be  administered 
periodically  throughout  the  testing  period  if  the  nuclear  tag  elutes 
rapidly  from  the  individual's  red  blood  cells.  The  total  expected  dose 
of  radiation  will  be  from  1 . 845  RADS  to  2 . 295  RADS .  One  week  prior  to 
the  actual  declination  study  the  subject  will  perform  a  maximal 
exercise  stress  test  on  the  bicycle  ergometer  so  that  aerobic  capacity 
can  be  determined  and  a  baseline  stress  thallium  scan  and  MUSA  can  be 
performed  in  order  to  study  right  and  left  heart  functioning.  The 
attenuation  factor  will  also  be  determined. 
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The  subject  will  be  asked  to  report  to  the  bedrest  facility  at  0800  hrs. 
on  a  pre-selected  day.  He  will  spend  approximately  28  hours  in  the  facility 
and  will  be  released  by  approximately  1200  hrs.  the  following  day.  Upon 
entering  the  bedrest  facility  the  subject  will  recline  in  a  horizontal 
position  on  a  tilt- table.  He  will  be  instrumented  with  a  standard  twelve 
lead  ECG,  blood  pressure  cuff  and  strain  guages  to  measure  anthropaoorphic 
changes.  The  first  injection  of  tech letium  will  be  made  and  baseline 
measurements  will  be  taken  including  biood  and  urine  samples,  (see  Figure  2) 
The  subject  will  then  be  tilted  5 6  head-down  and  data  collection  will 
take  place  every  15  minutes  for  the  first  hour,  every  30  minutes  for  the 
next  two  hours,  and  once  every  liour  until  1700  hrs.  No  data  will  be 
collected  during  the  night.  The  following  morning  at  0800  hrs.  there  will 
be  another  collection  of  data.  A  repeat  injection  of  technetium  will  be 
necessary  since  its  half-life  is  only  6  hours.  At  0900  hrs.  the  subject 
will  return  to  the  horizontal  position  upon  which  data  will  also  be 
collected.  A  post-  maximal  exercise  stress  test  on  the  bicycle  ergo- 
meter  will  be  conducted  and  right  and  left  heart  functioning  wi*l  be 
studied. 
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FIGURE  2 


The  approach  taken  in  this  protocol  will  allow  elucidation  of 
the  time  course  of  volume  changes  in  the  right  and  left  heart  and  possible 
correlation  between  these  changes  with  other  biochemical  and  physiological 
changes. 

B.)  Dog  Study:  A  healthy  mongrel  dog(17.6  kg)  was  used  as  an 
experimental  animal.  The  animal  was  anesthesized  with  thiamyl  sodicm 
(10  ng/kg  i.v.)  and  ventilated  under  positive  pressure  through  a  cuffed 
endotracheal  tube  with  a  standard  volume  animal  respirator  (Harvard 
Apparatus ,  Waltham,  MA) .  The  animal  was  positioned  on  the  right  side 
and  an  incision  was  made  on  the  left  hind  leg  to  expose  the  saphenous 
vein  into  which  a  catheter  was  inserted.  The  catheter  was  connected  to 
a  two-way  stopcock  so  that  additional  thiamyl  sodiun  could  be  added  to 
effect.  The  dog  was  then  placed  on  its  side  and  a  small  neck  incision 
was  made.  The  right  cannon  carotid  was  exposed  and  a  pulsed  Doppler 
flow  probe  tied  into  place.  Careful  attention  was  paid  to  assure  normal 
carotid  artery  flow  velocity  with  no  constriction.  The  pulsed  Doppler 
flow  probe  was  calibrated  in  terms  of  Doppler  frequency  shift.  A  baseline 
zero  can  be  established  and  a  linear  relationship  between  flew  and 
frequency  shift  has  been  established  in  vivo (17).  A  Doppler  flew  probe 
was  also  placed  on  the  right  fenoral  artery  under  direct  vision.  Pre¬ 
caution  was  taken  to  prevent  arterial  constriction.  The  dog  was  again 
positioned  on  the  right  side  and  a  left  flank  incision  made  through 
which  the  left  renal  artery  was  identified  and  encircled  with  a  pulsed 
D'Tpler  flow  probe.  As  w^th  the  other  flow  probes,  careful  attention 
was  taken  to  avoid  constriction  of  the  artery.  A  catheter  was  inserted 
into  the  dog's  urinary  bladder  so  that  urine  output  could  be  measured. 
Next,  a  catheter  was  inserted  into  the  left  femoral  artery  and  threaded 
pu  into  the  aorta  for  mea^ur^m^nt  of  the  svst^mic  arterial  pressure 
(Statham  p23Db  pressure  transducer) .  Electrocardiographic  (ECG)  lead 
AVF  was  established  through  a  needle  lead  in  all  four  limbs.  A  left 
thoracotomy  was  performed  through  the  fifth  intercostal  space  and  the 
heart  was  suspended  in  a  pericardial  cradle.  With  the  aid  of  a  purse 
string  suture,  a  solid  state  pres~ur~  transducer  (Kolngeberp  P-7, 


Pasadena,  CA)  was  inserted  through  a  stab  wound  into  the  left  ventricular 
apex. 

The  instmnentaticn  allowed  for  measurement  of  left  ventricular 
pressure  (LVP),  left  ventricular  end  diastolic  pressure  (LVEDP) ,  systemic 
arterial  systolic  and  diastolic  pressures  (SP  and  DP),  heart  rate  (HR), 
renal,  carotid  and  femoral  artery  blood  flow  (RF,CF,FF) ,  urine  output 
and  calculation  of  the  first  derivative  of  left  ventricular  pressure 
(LVdP/dt) .  Recordings  were  made  on  an  eight  channel  recorder  (Gould  brush 
mark  200) . 

Following  instrumentation,  control  baseline  measurements  were  made 
for  five  minutes  of  LVP,  LVEDP, SP.EP, HR, CF,RF,  and  FF  with  the  dog  in 
the  horizontal  position.  The  dog  was  then  tilted  5°  head-down.  Measure¬ 
ments  were  taken  every  five  minutes  for  one  hour.  After  one  hour  head- 
down  the  dog  was  then  brought  back  up  to  the  horizontal  position  and  measure¬ 
ments  were  taken  at  five  and  seven  minutes  post-tilt.  After  the  last 
measurements  were  made,  the  dog  was  euthanized  with  a  saturated  solution 
of  potass iun  chloride. 


IV.  RESULTS: 

The  results  obtained  from  this  experiment  show  the  expected  chances 
in  the  cardiovascular  parameters.  The  contractilitv  of  the  heart 
incr*as*d,  left  ventricular  pressure  increased,  left  ventricular  end 
diastolic  pressure  increased,  heart  rate  increased,  RF  and  CF  increased,  and 
SP  and  DP  increased  after  the  dog  was  tilted  5°  for  one  hour.  Most  of 
the  changes  occurred  during  the  first  30  minutes  head-down  and  then 
leveled  out  for  the  rest  "f  the  hour.  When  *he  dog  was  hi  jught  bade 
ud  to  the  horizontal  position,  no  change  in  the  readings  were  evident 
vi  thin  five  and  seven  minutes . 

V.  REOCMENDATICNS: 

Despite  the  many  studies  on  man's  adaptation  to  s  initiated  zero 
gravity,  no  conclusive  evidence  exists  as  to  the  effect  of  physical 
fitness  on  this  response  to  zero  gravity.  Although  objective  comparisons  of 
athletes  and  non-athletes  give  variable  results,  it  has  been  suggested 
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that  the  more  physically  fit  person  (high  VO 2)  is  less  tolerant  to 
orthostatic  stress  when  volume  depleted  as  a  result  of  diuresis  during 
head- down  rest.  This  loss  of  blood  volume  is  analogous  to  heat-related 
volume  loss (6, 18, 19, 33) . 

The  investigators  in  this  study  would  eventually  like  to  find  out 
if,  in  fact,  there  are  relative  physiological  and  biochenrca1  ch*ng°s 
b*twe<=n  trained  and  untrained  subjects,  dog  and  human,  and  *f  so,  to 
what  degree  thesa  parampte^s  vary  when  the  subjects  «>o  from  ♦■he  horizontal 
position  to  a  5°  head-down  position.  Understanding  the  mechanisms 
involved  requires  elucidation  of  changes  in  plasma  r^nio-angiotensin 
levels,  plasma  catecholamine  levels  and  hodv  fluid  shifts.  As  a  result-, 
further  significance  could  be  drawn  from  this  study  regarding  the  use 
of  the  head-down  tilt  method  as  a  means  of  pre- flight  preparation  for 
the  pilot. 

Studies  have  shown  that  increased  activity  of  the  carotid  sinus 
nerve  dbe  to  hypervolemia  (?3,^5)  or  manual  stimulation  with  electrodes 

results  in  a  reflex  decrease  in  the  force  of  atrial  systole  by 
a  decrease  in  synrathetic  activity  to  the  heart  and  an  increase  in 
efferent  vagal  activity  to  the  heart.  A  suggestion  for  follow-up 
research  would  be  to  isolate  the  carotid  sinus  nerve  in  an  animal 
model.  A  snail  neck  incision  could  be  made  to  expose  the  left  internal 
carotid  artery  at  its  origin  where  there  is  a  bulbous  enlargement,  the 
carotid  sinus,  which  is  about  3  mn  in  diameter  and  4  ran  in  length  (25) . 

It  contains  an  afferent  fiber  called  either  the  carotid  sinus  nerve  or 
the  Hering  nerve  which  is  a  branch  of  the  glossopharyngeal  nerve  (IX) . 

A  microelectrode  could  then  be  placed  on  the  carotid  sinus  nerve  to 
measure  its  electrical  activity.  Then  one  could  determine  if  it  was 
stimilation  of  the  carotid  sinus  nerve  or  the  reduction  in  circulating 
catecholanines  that  decreases  sympathetic  activity  to  the  heart  resulting 
in  an  attenuation  of  the  force  of  atrial  systole. 
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ABSTRACT 


Several  different  mechanizations  of  pinhole  sensing  of  neutral  particle 
beams  were  presented.  Possible  scintillators  are  examined  and  a  scintillator 
followed  by  a  "bent  microscope"  and  a  CCD  detector  is  analyzed  in  detail. 

This  system  includes  a  laser  alignment  system  and  the  assumption  is  made  that 
the  quantity  to  be  measured  is  the  distance  between  the  pinhole  beam  spot  and 
the  laser  spot.  A  five  lens  system  is  presented  for  detecting  beam  rotation 
and  parallel  displacement.  The  analysis  indicates  that  beam  centroid  loca¬ 
tion  within  less  than  1  ym  is  possible. 

Two  experiments  are  suggested.  One  uses  a  UV  laser  to  create  scintil¬ 
lation  and  provides  operational  experience  with  the  system.  The  other 
experiment  uses  the  800  MeV  LAMPF  beam  to  determine  the  response  versus  dose 
frr  various  scintillators. 

The  conclusion  is  presented  that  a  pinhole  system  can  satisfactorily 
detect  the  low  energy  "skirts"  of  the  beam,  Unfortunately,  the  relationship 
between  the  skirts  of  the  beam  and  the  centroid  of  the  beam  is  uncertain, 
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I.  INTRODUCTION 


The  Air  Force  is  currently  performing  system  studies  of  neutral 
particle  beam  weapons.  Among  the  problems  under  study  is  neutral  par** 
tide  beam  sensing.  Two  primary  sensing  mechanisms  are  receiving  con¬ 
sideration.  One  of  these  mechanisms  is  the  laser  resonant  backscatter 
effect  and  the  other  is  pinhole  beam  sensing  near  the  beam  edges. 

The  laser  resonant  backscatter  technique  senses  the  centroid  of 
the  complete  beam  and>  for  this  reason,  has  been  considered  as  the  pri¬ 
mary  beam  fensing  mechanism  (Reference  1).  However,  this  technique 
requires  laser  excitation  and  a  complex  electro-optical  system  and  may 
not  be  able  to  sample  rapidly. 

The  pinhole  beam  sensing  technique  requires  simple  hardware  and 
offers  the  possibility  of  providing  beam  shape  or  quality  information. 
However,  it  does  not  measure  the  beam  centroid  but  rather  infers 
centroid  behavior  from  measurements  at  the  beam  edges.  This  report 
provides  an  examination  of  several  different  pinhole  sensing  mechani¬ 
sations,  a  proposed  design,  and  two  proposed  experiments.  The  general 
pinhole  system  is  shown  in  Figure  1. 

In  a  1982  SCREE  research  report  (Reference  2),  Steelman  examined 
two  types  of  solid  state  detectors  and  concluded  that  solid  state 
detectors  would  not  withstand  even  a  relatively  low  beam  intensity  for 
an  adequate  period  of  time. 

In  the  came  1982  report.  Steelman  examined  three  different  fluo¬ 
rescent  detector  systems.  The  system  proposed  by  Lockheed  is  shown  in 
Figure  2. 


(Region  of  lower  beam  flux) 


charged  particles. 

Figure  1.  General  Pinhole  System 

The  Lockheed  system  suffers  from  an  aspect  problem,  i.e.  when  the 
fluorescing  cylinder  is  viewed  off-axis,  it  no  longer  appears  as  e  cir¬ 
cular  spot  and  the  centroid  calculation  becomes  difficult. 

Another  system  which  offers  some  possibilities  uses  fiber  optics 
to  image  the  fluorescent  spot  on  an  optical  detector.  Unfortunately, 
this  system  requires  that  the  critical  optical  fibers  be  exposed  to  the 
particle  beam. 

Finally,  Steelman  selected  the  fluorescent  detec 'or-lmaglng  system 


shown  In  Figure  3. 


XI.  OBJECTIVES 

The  objectives  of  this  research  ere  to  perform  the  detailed  design 
of  the  pinhole  base  sensing  system  of  Figure  3  end  to  suggest  expert- 
seats  for  resolving  any  uncertainties  and  for  demonstrating  the  feasi¬ 
bility  of  the  design. 

III.  OPTICAL  SENSORS 

In  the  1982  SCEEE  research  report  (Reference  2),  Steelman  examined 
a  quad  cell  sensor  proposed  by  Draper  (Reference  1)  and  an  array 
detector  proposed  by  Stanton  and  Hill  (Reference  3).  The  Draper  pro¬ 
posed  quad  cell  (Figure  4)  will  be  treated  first. 


The  quad  call  datector  vat  rejected  for  two  raaaona.  First,  tha 
quad  call  mist  ba  located  with  absolute  positional  accuracy.  Second , 
tha  array  detector  offers  superior  performance. 

Tha  Texas  Instruments  TC-201  virtual  phase  (Reference  4)  CCD  array 
vas  selected  for  an  optical  area  detector.  Key  parameters  for  tha 
TC-201  follow  (Reference  5). 


Quantum  efficiency  »  45  to  50X. 

(for  wavelengths  in  the  range  .5  to  .75pm) 

328  pixels  (horizontally)  by  245  pixels  (vertically) 

Noise  level  of  150  electrons  per  pixel 
Clock  rate  6.3  MHz  (typical),  15  MHz  (maximum) 

Full  well  capacity  of  700,000  electrons. 

Pixels  are  24.4  pm  square. 

Maximum  frame  time  of  1  second. 

A  pinhole  beam  Image  centered  on  the  center  pixel  of  a  3  by  3 
sub-array  is  shown  in  Figure  5.  If  x  is  a  small  displacement  of  the 
beam  image  center  with  respect  to  the  pixel  center,  the  areas  Aj  and  A^ 
are  given  by 

A,  -  R2  arc  cos  ~  -  J  R2  -  s2  (4) 

1  R 

where  s  -  0.5P  -  x 


P 


Figure  5.  Pinhole  Spot  on  Center  Cell  of  3  by  3  Array 


A,  -  R2  arc  cos  £.  -  t  R2  -  t2 
J  R 


where  t  -  0.5P  +  x 


The  centroid  formula  is  then 


x-KP 


Al~  A3 


where  P  Is  the  pixel  width 


At  Is  tot*l  Image  area 


K  Is  a  constant 


Por  this  formula,  the  standard  deviation  of  the  centroid  Is 


_  K  P  ,A1  +  *3 

0*  •  — ; -  / . . . 

c  \  FAt 


where  At  Is  sample  time 


F  Is  flux  In  consistent  units. 


For  the  optimum  configuration  of  Figure  5  and  for  small  x. 


i  D  1 


1-<P/D y 


If  the  center  of  he  pinhole  Image  Is  shifted  to  fall  on  a  pixel 


boundary , 


K  -  1 
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IV.  SCINTILLATION  DETECTORS 


In  scintillation  detectors  the  passage  of  radiation  creates  an 
ionized  channel  in  the  material  (References  6,  7,  8,  and  9).  As  the 
ionized  electrons  recombine  part  of  the  Ionization  energy  reappears  as 


photons.  Three 

possible 

scintillators  deserve  consideration.  (See 

Table  I). 

Material 

dE/dx 

Optical 

Optical 

Response 

(MeV/ cm) 

Efficiency 

Energy (eV/ urn) 

Peak  (urn) 

CsI(Tl) 

18.26 

5.851 

107 

.365 

NE216(Llquld)  4.0 

4.41 

17.6 

.425 

Ruby(Al203) 

5.06 

.121 

.61 

Red 

Table  1. 

Possible  Sclntllators  for 

200  MeV  Protons 


The  energy  deposition  rate  for  CsI(Tl)  (cesium 
iodide  with  a  thallium  dopant)  was  obtained 
directly  from  Jannl  (Reference  10).  The  energy 
rate  for  NE216  with  an  H/C  ratio  of  1.171  was 
obtained  by  scaling  Jannl* s  rate  for  toulene  (H/C 
ratio  of  1.143)  by  the  ratios  of  their  densities. 
The  energy  rate  for  ruby  was  produced  by  a  KAFB 
computer  code.  The  optical  efficiencies  for 
CsI(Tl)  and  NE216  were  taken  from  Knoll  (Reference 
8).  He  gives  an  absolute  efficiency  of  131  for 
Nal(Tl).  His  efficiency  for  Cel(Tl)  is  451  of  the 
value  for  Nal(Tl)  and  his  value  for  NE216  is  781  of 
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the  value  for  anthracene.  Anthracene,  in  turn  has 
an  efficiency  43.5%  that  of  Nal(Tl).  Finally,  the 
efficiency  of  ruby  is  an  unpublished  result  given 
by  Jack  Aldridge  of  LANL. 

The  optical  energy  in  eV/pm  reveals  that  CsI(Tl)  produces  more 
optical  energy  per  pm  and  is  the  obvious  first  choice.  If  NE216  is 
used  the  flux  level  must  be  Increased  a  factor  of  6  to  produce  the  same 
Optical  energy  *  but  because  the  color  does  not  match  the  CCD  array 
detector  a  flux  increase  of  10  is  more  realistic.  A  liquid  scintil¬ 
lator  can  flow  through  the  scintillation  region  and,  theoretically, 
withstand  any  flux  level.  (Of  course,  creating  a  uniform  thin  flowing 
sheet  of  liquid  is  not  easy). 

Finally,  ruby  would  require  that  the  flux  be  Increased  by  a  factor 
pf  175  to  yield  the  same  light  output.  Ruby  was  included  because  of 
its  hardness. 

V.  BEAM  INTENSITY  AND  GRADIENTS 

Two  problems  concerning  the  beam  must  be  solved.  All  these  solu¬ 
tions  assume  that  the  beam  has  a  circular  normality  distribution.  The 
problems  are: 

1.  For  reference  purposes,  what  is  the  maximum  flux  for  each  beam? 

2.  How  far  from  the  center  of  the  beam  to  the  region  of  desired 
flux  intensity? 

3.  How  large  can  the  pinhole  be  before  the  beam  gradient  intro¬ 
duces  a  bias  into  the  centroid  calculation? 


88-14 


Table  2  shows  the  maximum  flux  for  the  beams  of  interest. 


o(cm) 


I(mA) 

1 

2 

5 

8 

10 

1 

9.93 

2.48 

3.97 

1.55 

9.93 

10 

99.3 

24.8 

39.7 

15.5 

99.3 

100 

993. 

248. 

397. 

155. 

993 

500 

4967. 

1242. 

1987. 

776. 

4967 

Column 

Multiplier 

106 

106 

105 

105 

104 

Table 

:  2. 

Maximum  Beam  Flux  (Particles /pm* 

sec) 

To  find  regions  of  desired  flux  observe  that,  for  a  circular  nor¬ 
mal  beam, 

F(r)  ■  Fmax  exp  <-*Z/2°2)  (10) 

Thus,  for  a  desired  flux, 

r-  /  -2a2  In  F/Fmax  (11) 

For  fluxes  in  the  range  of  10  to  100  particles  per  pm*  second 
should  provide  small  enough  oc.  Table  3  shows  the  distance  in  cm  from 
the  beam  center  to  a  region  of  10  particles/pm*  second. 

c(cm) 


I(mA) 

1 

2 

5 

8 

10 

1 

5.26 

9.97 

23.0 

35.2 

42.9 

10 

5.68 

10.86 

25.4 

39.1 

48.0 

100 

6.07 

11.67 

27.6 

42.7 

52.6 

500 

6.33 

12.21 

29.0 

45.1 

55.5 

Note:  All^entries  in  cm 

Table  3.  Distance  from  Beam  Center  to  Pinhole  Center  (F*10/pm*  sec) 


Table  4  tabulates  the  distance  from  the  beam  center  to  a  region  of  100 
2 

particles /urn  sec. 

o(cm) 


I(mA) 

1 

2 

5 

8 

10 

1 

4.80 

9.00 

20.4 

30.7 

37.2 

10 

5.26 

9.97 

23.0 

35.2 

42.9 

100 

5.68 

10.86 

25.4 

39.1 

48.0 

500 

5.95 

11. A3 

26.9 

41.7 

51.2 

All  entries  in  cm. 

Table  4.  Distance  From  Beam  Center  to  Pinhole  Center  (F-100/um^  sec) 

The  pinhole  cannot  be  too  small  because  the  optics  will  introduce 
a  minimum  blur  diameter.  The  pinhole  cannot  be  too  large  because  the 
non-uniform  statistics  will  introduce  a  bias.  As  a  basis  for  pinhole 
size  selection,  compare  the  bias  count  with  the  count  due  to  a  O.lum 
offset.  For  a  O.lum  offset 

count  -  0.2  /d2  -  P2  (Fit)  (12) 


To  develop  the  bias  count,  consider  the  approximate  count  on  A^. 


Count  (A^)  ■  F(r  -  A)  A^  At 


A3  Fmax  *xp  y  (  A)2 


a  A<*  FAt  exp 


Now  rA  is  small;  thus 


Count  (Aj)  »  A^  (FAt)  (l  + 

0 


(13) 
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The  expression  for  the  count  on  can  be  obtained  by  changing  the  sign 
on  A. 

Finally,  bias  *  count  (A^)  -  count  (A^) 

-  (2A3(FAt)(ri/o2))  (14) 

where  A  *  distance  from  pinhole  center  to  A^  centroid. 

Rather  than  calculating  a  A,  the  worst  case  value  of  D/2  was  used. 
For  design  purposes,  the  ratio  of  the  bias  (eq.  14)  to  A  count  (eq, 
12)  is  a  more  convenient  measure.  This  ratio  is  tabulated  in  Table  5. 


P-24 

p*50 

P- 

D-20 

d-55.55 

D- 

I 

0-1 

o-l 

0*1 

1 

.158 

.27 

1.08 

10 

.172 

.29 

1.18 

100 

.186 

.32 

1.27 

500 

.194 

.33 

1.32 

Count 

3.6 

4.8 

9.6 

FAt 

Table  5, 

.  Bias /Count  for 

Ax  < 

Table 

5  indicates  a 

111.1  pm  pinhole 

is  ( 

CM 

o 

cm  or  greater 

.  Thus,  the  design  : 

o-2 


9.6 


mechanization  will  be  based  on  P-97.2  pm,  and  D  »  108  um  (D-1.11P).  (P 
of  97.2  pm  is  four  pixels  of  the  TI  TC-201  CCD  array). 

VI.  OPTICAL  SYSTEM  ANALYSIS 

The  proposed  pinhole  system  of  Figure  3  will  now  be  analyzed  in 
detail. 
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Now  assume  that  a  blur  diameter  the  same  size  as  the  pinhole  dia¬ 
meter  is  acceptable. 

Thus  B  *  108  pm  *  D  (the  pinhole  diameter) 
and 

L  -  2B  (1)  (17) 

Now  if  the  optical  system  has  a  blur  diameter  10Z  of  D 

and 

f/A  -  2.222, 

L  -  2(2. 22)( 0.9)( 108) 

-  432  pm 

-  .432  m 

(Note  that  L  Increases  directly  with  f/A  while  the  energy  col¬ 
lected  by  a  lens  is  proportional  to  the  square  of  A/f.  Thus,  a  small 
f/A  Is  desirable  except  that  too  small  an  f/A  introduces  too  much  blur 
In  the  optical  system.)  The  normalised  Intensity  for  an  image  of  a 
cylinder  with  this  length  is  shown  in  Figure  9.  Figure  9  represents  a 
spatial  frequency  of  about  9  cycles  per  mm.  If  the  optical  system  can 
use  a  sharper  image  the  intensity  profile  for  L  -  240  pm  Is  shown  In 
Figure  10. 


o 

CM 


INTENSITY 


.20 


Note  that  Figure  10  represents  a  spatial  frequency  of  about  20 
cycles  per  mm.  Tbs  optical  energy  created  in  CsI(Tl)  by  a  single  200 
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If  the  optical  system  were  perfect  (i.e.,  the  blur  radius  -  0) 
with  a  magnificaion  M,  the  electron  density  in  the  detector  would  be 


F 


e 


FAt 


(24) 


For  this  same  perfect  optical  system  with  u-1*  f/A  -2.22  and  L  - 
•  432  urn* 

F.  -  490  FAt  e/um2  (25) 

c* 


If  the  blur  diameter  is  less  than  or  equal  to  the  pinhole  diameter 
then  this  is  the  electron  density  at  the  center  of  the  detector  for  M  - 
1. 


The  exact  performance  of  the  optical  system  has  not  been  calcu¬ 
lated  but  the  signal-to-noise  ratio  in  the  difference  signal  can  be 
estimated  (See  Figure  11). 


Circle  is 
image  for 
perfect 
optics. 


Figure  11.  Critical  Pixel 


V*V-V-V-V  Vv*' 
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For  a  1  pm  shift  of  the  pinhole  image  with  respect  to  the  CCD 
array  the  difference  in  area  is 

AA  -  94.34  un2  (26) 

The  count  FAt  AA  is  the  volume  of  a  strip  from  a  cylinder  of 
rotation  formed  by  the  curve  of  Figure  9.  This  strip  stretches  from 
•47.8  pm  to  49.8  pm.  The  normalised  distance  to  this  strip  varies  from 
45X  of  R/D  to  631  of  R/D.  As  a  rough  estimate  the  average  normalized 
intensity  over  this  area  is  0.3.  Thus,  the  signal  difference  is 
approximately. 

Sj  -  S3  -  147  (94.34)  FAt  (27) 

For  FAt  of  1 , 

Sj  -  S3  •  13,868  electrons  (28) 

Nov  this  signal  Is  obtained  from  four  pixels.  Thus,  the  noise 
level  for  the  signal  Is  2  times  the  pixel  noise.  The  electronic  noise 
in  a  pixel  is 

Ng  •  150  electrons  (29) 

If  the  electron  count  is  quantized  in  10  levals,  the  quantization  noise 
is  about 


700,000 

-TB5JT 


0.707 


-  483  electrons 


(30) 


The  Poisson  noise  is 


Np  -  /S  -  240  e  (31) 

Thus,  the  total  pixel  noise  is 

NpT  -  560  e  (32) 

The  slgnal-to-nolse  ratio  for  the  difference  signal  la 

S/N  -  12.4  (33) 

A  more  detailed  analysis  of  this  system  will  be  performed. 

For  beam  quality  information,  the  shape  of  the  pinhole  Image  is 
required  (Instead  of  just  the  centroid).  To  determine  the  shape,  the 
same  basic  system  can  be  used  but  a  magnification  will  be  needed.  The 
magnification  will  lover  the  slgnal-to-nolse  ratio  but  this  decrease 
can  be  overcome  by  increasing  the  sample  time. 

VII.  LASER  ALIGNMENT  SYSTEM 

The  laser  alignment  system  will  require  the  S  lens  system  shown  in 
Figure  12. 

Lens  LQt  used  to  obtain  beam  angle  information  will  have  addi¬ 
tional  neutral  density  filters  in  series  with  it.  Further,  lens  LQ 
will  be  located  at  such  a  distance  from  the  CsI(Tl)  that  after  passing 
through  it  and  the  optical  system  LQ  forms  a  spot  about  the  same  site 
as  the  pinhole  image.  That  such  a  location  Is  possible  can  be 


m 

m 


Figure  12.  Later  Alignment  Lenses. 

established  by  considering  an  actual  spot  forming  lens  Melles  Grlot  01 
LFS  043  (Reference  12).  This  diffraction  limited  lens  forms  a  HeNe 
spot  vlth  a  diameter  of  37.2  pm  (distance  to  the  first  dark  ring  of  the 
airy  disk).  Even  vlth  the  added  blur  due  to  the  additional  optics,  the 
centroid  of  the  spot  from  the  central  lens  can  probably  be  calculated 
vlthln  0.5  urn  by  the  techniques  of  Section  Ill.  (Additional  research 
needs  to  be  performed  on  this  topic.)  If  the  angle  of  the  laser  beam 
with  respect  to  the  lens  system  changes,  this  change  vlll  cause  a  shift 
In  the  centroid  of  the  center  spot. 

Unfortunately,  if  the  laser  beam  is  translated  parallel  to  its 
original  location,  the  center  spot  vlll  not  move.  The  lenses  Lp  Lj. 


L^,  and  L^  provide  information  on  the  translation  cf  the  laser  beam. 
These  lenses  must  be  chosen  in  such  a  way  that  they  form  a  spot  vlth  a 


diameter  of  about  900  urn  on  the  CCD  array.  The  distance  from  the 
centroid  of  the  center  lens  spot  to  the  beam  centroid  is  found  by 


AC  -  K 


E3  -  El 


C  E3  +  E1 


(34) 


To  analyze  the  sensitivity  of  eq.  (34)  begin  by  selecting  50  mm 
for  the  diameters  of  LQ,  Lp  L^,  Lp  and  L^.  (50  mm  Is  the  actual  dia¬ 
meter  of  the  LFS  043).  Then  choose  55  mm  as  the  diameter  of  the  laser 
beam.  Next,  assume  that  the  spots  formed  by  Lp  L^,  Lp  and  L^  on  the 
CCD  array  are  1  mm  in  diameter  and  that  the  average  pixel  has  a  signal 
half  of  the  saturation  level  or  350,000  e.  This  Implies  that  700,000 
photons  were  incident  on  each  pixel.  Thus,  the  optical  energy  Incident 
on  each  pixel  Is 

Ej  -  2.45  X  10"13  J  (35) 

The  number  of  pixels  covered  by  this  spot  is 

#  pixels  -  1319  (36) 

Thus,  the  total  optical  energy  Incident  on  an  outer  lens  is 
Ei  -  3.745  X  10~10  J  (37) 


K-.’: 
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The  average  energy  density  in  .‘that  portion  of  the  beam  which 
intercepts  an  outer  lens  is 

E/mm2  -  1.212  X  10*U  J/mm2  (38) 

The  average  number  of  photons  in  that  portion  of  t  ie  beam  which 
intercepts  the  outer  lenses  is 

Photons -  34.5  photons /m^  (39) 

(Of  course,  the  laser  beam  will  not  be  uniform  and  these 
calculations  need  to  be  repeated  using  a  better  model  of  the  laser 
beam,  probably  a  Gaussian  model.)  Now  a  1  urn  shift  in  the  centroid  of 
the  laser  beam  will  produce  an  increase  in  the  lens  area  covered  on  one 
side  and  a  decrease  on  the  other  side.  The  net  change  in  area  is 

2AA  -  3.197  X  104  urn2  (40) 

Thus,  the  difference  in  photons  on  the  two  spots  is 

A  photons  -  1.10  X  106  (41) 

The  SOX  quantum  efficiency  leads  to 

S  *  A  electrons  -  5.51  X  10^  (42) 

The  Poisson  noise  in  each  pixel  is 

Np  -  /a  -  592  e  (43) 
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The  quantization  noise  and  the  electronic  noise  were  found  in  Section 
VII.  The  total  noise  per  pixel  is 


NpT  -  732  e 


(44) 


The  total  noise  in  the  1310  pixels  is 
Rj.  -  / 1319  (732) 

Nt  -  2.66  X  10*  (45) 


Thus,  the  signal  to  noise  ratio  for  the  difference  is 


S/N 


5.51  X  IQ5 
n  (2.66  X  104) 


S/N  -  14.6 


(46) 


Finally,  the  laser  power  on  LQ  and  in  the  beam  needs  to  be 
calculated.  If  the  LQ  spot  has  a  diameter  of  108  um,  then  it  covers 
about  16  pixels.  If  each  pixel  is  at  half  saturation, 

E0  -  3.94  X  10-12  J  (47) 


Thus  the  power  Incident  on  LQ  for  a  sample  time  of  10  ms  is 


P0  -  3.94  X  10  _,°  W 


(48) 
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The  total  laser  power  Is 


PLASER  *  MW 

Thus,  lens  LQ  needs  attenuating  by 

Attn  *  .0166  (50) 

VIII.  PROPOSED  EXPERIMENTS 
LAMPF  EXPERIMENT 

One  uncertainty  which  must  be  resolved  Is  the  response  versus  dose 
for  C8l(Tl).  An  experiment  at  LAMPF  Is  proposed  to  determine  this 
response.  The  system  of  Figure  3  will  be  modified  to  remove  the  first 
lens  from  the  beam  and  to  condense  the  image  by  1/2  to  1/3.  If  CsI(Tl) 
Is  unsatisfactory,  the  experiment  will  be  repeated  with  ruby  and  NE216 
(or  another  liquid  scintillator). 

The  experiment  will  be  performed  In  the  “Blue  Room"  with  an  800 
MeV  proton  beam  about  1.1  cm  in  diameter.  In  the  Blue  Room,  10  mA 
current  pulses  are  available  within  a  limit  of  100  nA  DC. 

The  objectives  of  this  experiment  are  to 

1.  Determine  the  response  vs  dole  of  CsI(Tl).  (The  response  will  be 
determined  for  several  different  thallium  doping  levels.) 

2.  Determine  the  effect  of  beam  caused  radiation  on  the  CCD  array. 
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NMSU  EXPERIMENT 


Thallium  doped  cesium  iodide  scintillates  in  the  presence  of  UV. 
This  phenomena  will  be  used  to  check  out  the  system  of  Figure  3  without 
a  200  MeV  beam.  For  this  experiment  two  pinholes  will  be  placed  in 
contact  with  a  thin  CsI(Tl)  crystal.  These  pinholes  will  be  illumi¬ 
nated  by  a  UV  laser  and  the  resulting  fluorescence  will  be  used  to 
align  the  optical  system  and  to  determine  the  system  performance. 

The  objectives  of  this  experiment  are  to 

1.  Align  and  test  the  system  (including  the  data  recording  system). 

2.  Gain  operational  experience  with  the  system. 

3.  Test  different  optical  designs. 

4.  Test  different  centroid  finding  algorithms. 

IX.  CONCLUSIONS 

At  this  stage  of  the  research  effort,  the  pinhole  system  remains  a 
viable  option  for  beam  sensing  and  alignment.  However,  the  pinhole 
experiment  will  have  to  be  run  concurrently  with  a  laser  resonant  scat¬ 
tering  experiment  to  resolve  two  questions. 

1.  Is  a  pinhole  sample  on  the  outskirts  of  the  beam  an  adequate 
Indicator  of  the  beam  centroid? 

2.  What  is  the  accuracy  of  the  pinhole  system?  (Ho  present  tech¬ 
niques  provide  an  Independent  measurement  of  the  beam  of  similar  accur¬ 
acy.) 

Finally,  even  if  the  laser  resonant  scattering  technique  is  the 
technique  of  choice  for  final  pointing,  pinhole  sensors  could  be  usaful 
for  coarser  pointing  and  for  accelerator  protection  in  case  of  a  fail¬ 
ure  which  would  cause  the  beam  to  self  destruct. 
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DYNAMIC  STALL:  A  STUDY  OF  THE  CONSTANT  PITCHING  RATE  CASE 


by 

James  H.  Strickland 

ABSTRACT 


Data  were  collected  for  an  airfoil  undergoing  a  pitching  motion  In 
which  the  pitching  rate  a  remained  constant.  These  data  Included 
surface  pressure  data  which  were  obtained  by  a  previous  investigator, 
smoke-wire  flow  visualization  data,  and  airfoil  surface  mounted  hot-wire 
velocity  data.  Large  scale  vortical  structures  on  the  suction  side  of 
the  airfoil  were  seen  to  form  during  the  pitching  motion.  As  indicated 
from  the  surface  pressure  data,  as  well  as  the  surface  velocity  data, 
these  structures  are  highly  energetic  and  have  relatively  long  residence 
times  near  the  airfoil.  Significant  Increases  In  lift  occur  due  to  the 
presence  of  these  vortical  structures.  These  data  were  also  compared  to 
the  predictions  of  an  analytical  model  (USTAR2).  Reasonable  agreement 
between  the  experiment  and  analysis  were  obtained  up  to  moderate  angles 
of  attack. 
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I.  INTRODUCTION: 


Unsteady  aerodynamics  Is  an  important  phenomenon:  which  has  been 

studied  more  intensively  in  recent  years.  These  studies  have  been  made 

in  connection  with  applications  pertaining  to  helicopters,  axial  flow 

turbines  and  compressors  with  inlet  distortions,  vertical  axis  wind 

turbines,  and  missies  and  fixed  wing  aircraft  undergoing  rapid 

maneuvers.  Lifting  surfaces  subjected  to  time  dependent  freestream 

velocity  or  time  dependent  body  motions  may,  in  some  cases,  also  have 

significant  stalled  regions  on  their  surfaces. 

A  number  of  approaches  have  been  taken  with  regard  to  the  prediction 

of  unsteady  stalled  airfoils.  Most  of  these  approaches  have  been 
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reviewed  by  McCroskey  .  In  general,  these  approaches  range  from 
2-6 

empirical  models  to  models  based  on  the  Navler-Stokes 

7_o 

equations  .  The  empirical  models  are  generally  applicable  to  small 

sinusoidal  pitch  oscillations  about  some  relatively  low  angle  of 

attack.  The  Navler-Stokes  solutions  consume  enormous  amounts  of 

computer  time  and  are  usually  limited  to  low  Reynolds  number  solutions. 

Unfortunately,  there  are  few  models  which  can  be  considered  as 

representing  something  In  between  the  extreme  cases  of  total  empiricism 

and  brute  force  solutions  of  the  Navler-Stokes  equations.  There  have 

been  several  boundary  layer  codes  developed  which  can  be  used  to  predict 

9-11 

some  of  the  behavior  associated  with  unsteady  stall  .  There  have 
also  been  models  of  the  potential  flow  behavior  related  to  the  shedding 
of  leading  edge  vortlcity  as  typified  by  the  work  of  Ham**.  More 
recently,  Katz*^  simulated  the  unsteady  separated  flow  over  a  thin 
cambered  airfoil.  The  models  of  both  Ham  and  Katz  required  empirical 
Information  regarding  the  appearance  and  position  of  the  separation 
point. 

The  need  for  a  general  purpose  unsteady  airfoil  model  is  apparent 
when  one  considers  the  potential  applications.  The  number  of 
applications  along  with  the  parametric  ranges  within  each  application 
legislates  against  the  expense  of  either  a  purely  experimental  or  brute 
force  analytical  approach  to  solutions. 


Recently,  the  present  author,  along  with  other  co-workers  at  Texas 

Tech  University,  formulated  and  began  development  on  an  analytical 
14 

model  which  Is  potentially  capable  of  predicting  dynamic  effects  for 
stalled  and  unstalled  airfoils  undergoing  arbitrary  airfoil  motions. 
This  model  does  not  require  input  of  airfoil  section  data  and  may  thus 
be  used  to  examine  arbitary  airfoil  shapes.  An  UnSTeady  AIRfoil  model 
In  2  dimensions  based  on  this  analysis  has  been  implemented  via  a 
computer  code  (USTAR2).  Execution  times  for  this  code  are  short  when 
compared  to  Navier-Stokes  solutions  and  little  empiricism  Is  required. 
Iu  order  to  validate  this  analysis,  however,  comparison  between  USTAR2 
predictions  and  experimental  data  must  be  made  for  a  number  of  cases. 

Recently,  workers  at  the  USAF  Academy,  Frank  J.  Seller  Research 
Laboratory  (FJSRL),  began  an  experimental  investigation  of  airfoils 

undergoing  large  amplitude  pitching  motion.  Results  for  several 
constant  pitching  rate  cases  were  obtained  by  Francis,  Keesee,  and 

Retelle**.  These  results  consisted  of  pressure  coefficient  data  which 
were  In  turn  used  to  obtain  lift  and  drag  data.  Vork  at  FJSRL  la 

presently  continuing  to  obtain  flow  visualization  data  as  well  as 
hot-wire  anemometer  data  for  the  constant  pitching  rate  case.  The 

author's  AFOSR/SCEEE  Summer  Faculty  research  assignment  to  FJSRL  can, 
therefore,  be  seen  to  be  a  logical  one  In  that  data  obtained  at  FJSRL  Is 
useful  In  validating  and/or  developing  the  USTAR2  computer  code  while  on 
the  other  hand,  the  understanding  of  experimental  trends  can  be  enhanced 
based  on  the  physics  contained  In  the  USTAF  analysis. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 


The  major  research  goal  Is  to  correlate  unsteady  airfoil  data  taken 
at  FJSRL  with  the  unsteady  airfoil  computer  code  USTAR2.  These  data, 
which  will  be  compared  with  USTAR2  predictions,  will  Include 
Instantaneous  pressure  distributions,  lift  and  drag  coef f lclencts,  and 
flow  visualization  data  from  6- Inch  chord  NACA  0012  and  NACA  0015 
airfoils  undergoing  unsteady  pitching  motions.  In  addition,  a 

qualitative  examination  of  hot-wire  data  taken  near  the  surface  of  a 


89-5 


pitching  airfoil  will  be  made.  The  motion  of  the  airfoil  in  each  case 
will  be  initiated  from  a  zero  angle  of  attack  and  will  consist  of  a 
pitching  motion  where  the  pitching  rate  a  remains  constant.  The  object 
of  this  work  is  the  eventual  validation  of  USTAR2.  This  work  will  be 
helpful  in  confirming  the  present  level  of  validity  of  USTAR2  and  in 
providing  insight  into  needed  revision  and  development  of  USTAR2,  An 
additional  objective  is  to  provide  some  understanding  of  the  trends 
evidenced  in  the  experimental  data  using  insight  gained  from  physical 
principles. 

III.  RESEARCH  METHODOLOGY: 

In  this  section  a  brief  description  of  analytical  and  experimental 
methods  used  to  obtain  data  will  be  given.  The  analytical  methods 
consist  of  the  afore  mentioned  USTAR2  analysis  as  well  as  a  simple 

analysis  which  is  valid  for  s«’bstall  angles  of  attack.  For  the 

experimental  work,  methods  used  in  obtaining  surface  pressure  data,  flow 
visualisation  data,  and  hot-wire  velocity  data  will  be  described  briefly. 

A.  Analytical. 

A  very  brief  description  of  the  method  of  analysis  found  in 

U8TAR2  will  be  presented.  Details  of  this  analysis  can  be  found  in 

reference**.  In  addition,  a  simple  analysis  will  be  presented  which 
is  only  valid  for  the  constant  a  case  at  substall  angles  of  attack. 
This  simple  analysis  Is  presented  since  it  can  be  used  to  explain  some 
of  the  data  trends  seen  during  the  initial  phase  of  motion. 

1.  USTAR2  Analysis. 

This  computer  code  is  based  upon  an  analysis  which 
utilises  a  doublet  panel  method  to  model  the  airfoil  surface,  an 
Integral  unsteady  boundary  layer  scheme  to  model  the  viscous  attached 
flow,  and  discrete  vortlees  to  model  the  detached  boundary  layers  which 
form  the  airfoil  wake  region.  This  model  has  been  used  to  successfully 
predict  steady  lift  and  drag  coefficients  as  well  as  pressure 
distributions  for  several  airfoils  with  both  attached  and  detached 
boundary  layers.  In  addition,  calculations  have  been  made  for  a  limited 
number  of  cases  for  both  attached  and  detached  unsteady  flow  situations. 


The  potential  flow  model  Is  based  upon  the  Laplace  equation  for  the 
atreamf unction  0C?,t) 

V2<|>  -  0  (D 

which  Is  valid  for  both  steady  and  unsteady  flow.  By  Green's  theorem,  a 
solution  to  (1)  may  be  represented  by  Integrals  over  the  “boundaries”  of 
the  flow  where  those  boundaries  are  replaced  by  surfaces  across  which 
potential  jumps  occur.  These  surfaces,  as  depicted  In  Figure  1,  are 
represented  by  the  airfoil  surfaces  and  the  wake  sheets  which  spring 
from  the  trailing  edge  and  any  separation  point.  With  Green's  theorem 
the  disturbance  potential  at  any  field  point  r,  due  to  the  airfoil  and 
wake  surfaces,  may  be  written  as 

■  Js  0  is  1 4k 1  ds  +/wA4’  b  [4sr]  ds  (2) 

where  0  'd  A0  are  doublet  distributions  on  the  airfoil  and  wake 
surfaces  S  and  W  respectively,  V  Is  the  surface  normal  at  the  source 

point,  and  R  Is  the  distance  separating  the  field  point  and  source 

point.  Boundary  conditions  Include  a  kinematic  surface  tangency 
conditions  given  by 

+  (u^  -  us)»n  *  0  on  s  O) 

where  u m  and  are  the  freestream  and  airfoil  surface  velocities 
respectively  and  n  Is  the  outward  normal  to  the  airfoil  surface.  An 

additional  boundary  condition  Is  the  “trailing  edge  flow  condition* 
which,  In  the  present  model,  requires  that  the  flow  direction  at  the 
trailing  edge  be  along  the  trailing  edge  bisector,  equations  (2)  and 
(3)  are  solved  for  o  and  0  by  first  eliminating  0  to  form  a  single 
equation  In  O.  The  airfoil  and  wake  surfaces  are  then  discretized  to 
form  a  set  of  linear  algebraic  equations  In  terms  of  the  unknown  O. 

The  potential  0  Is  then  obtained  from  (2).  The  pressure  distribution 
around  the  airfoil  Is  obtained  from  the  unsteady  Bernoulli  equation. 

Details  of  this  analysis  are  presented  In  reference**. 


The  primary  function  of  the  boundary  layer  analysis  is  to  predict 
the  presence  and  location  of  any  boundary  separation  point  on  the 
airfoil  surface.  The  pressure  gradient  and  edge  velocity  distributions, 
which  are  used  in  boundary  layer  calculations,  are  obtained  from  the 
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Figure  1.  Schematic  of  Boundary  (Vortex)  Sheets  for 
Unsteady  Pitching  Notion  with  Separation 


potential  flow  model  which  may  Include  sheets  of  vortlcity  shed  from  the 
boundary  layer  separation  point.  Therefore,  a  strong  coupling  between 
the  boundary  layer  analysis  and  potential  flow  analysis  exists  for 
separated  flow  situations.  The  turbulent  boundary  layer  analysis  used 
In  the  present  work  is  essentially  that  due  to  tyrlo,  Perzlger,  and 


Kline J 


This  unsteady  Integral  technique  gives  excellent  results  for 


the  steady  flows  of  Tillman,  Herring,  and  Norbury;  Stratford,  Samuel, 

and  Joubert  (see  Coles  and  Hirst,  reference  17);  Kim*®;  Simpson  and 
19 

Strickland  ;  and  Wleghardt  (see  Kim,  reference  1ft).  More 

Importantly,  this  method  predicts  the  unsteady  boundary  layer  data  of 
Karlson^  and  Houdevllle,  et.  al.^*  and  compares  well  with  the 

finite  difference  methods  of  NcCroskey  and  Philippe^  and  Singleton 
and  Nash^,  while  being  an  order  of  magnitude  faster.  The  formulation 


for  the  laminar  portion  of  the  boundary  layer  is  based  upon  the  author’s 

24 

unsteady  extension  of  Thvaltes  method  (see  Cebecci  and  Bradshaw  ). 

Transition  is  assumed  to  occur  either  due  to  laminar  boundary  layer 

separation  or  according  to  a  natural  transition  criteria  due  to  Cebecci 
25 

and  Smith  . 

2.  Simple  analysis  for  substall  angles. 

An  approximate  solution  which  will  yield  the  lift 
coefficient  for  low  substall  angles  of  attack  with  the  pitching  rate 
equal  to  a  constant  can  be  obtained  by  considering  Figure  2. 


Figure  2. 


In  this  simple  model,  the  velocity  at  a  "control  point**  located  at  the 
3/4  chord  point  la  made  to  bo  tangent  to  the  chord  line  of  the  airfoil. 
In  other  words,  the  velocity  normal  to  the  airfoil  at  the  3/4  chord 
point  will  be  made  aero  by  adjusting  the  bound  circulation  I*g.  The  use 
of  the  3/4  chord  point  as  a  control  point  location  can  be  justified 
based  on  potential  flow  analysis  of  a  pitching  flat  plate**.  The 
"surface  tangency  condition"  can  therefore  be  written  as; 


*  R  Y  41 

*  Ttt  *n  { _ -  +  uB  a  ♦  £  ca 


(4) 
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The  first  term  is  the  downvash  velocity  due  to  the  bound  vorticity,  the 
second  term  is  the  downvash  due  to  the  wake,  the  third  term  is  the 
upwash  due  to  the  freestream,  and  the  fourth  term  is  the  velocity  of  the 
airfoil  normal  to  the  chord  line  due  to  the  pitching  motion.  The  wake 
circulation  per  unit  length  y  is  given  by: 


— 

J«>  dt 


a_  d Q 
da 


Equations  4  and  5  form  the  basis  for  determining  the  bound  vorticity  TD. 

o 

The  bound  vorticity  is  related  to  the  lift  coefficient  by 


An  approximate  solution  was  obtained  which  can  be  given  in  terms  of  the 

following  equations: 

c,  »  2ir  (KC  *  +  a  +  2K£) 

L  O 


V- 


a*  +  in  (2a*  +  1) 


where  dQ  is  the  angle  of  attack  before  the  start  of  the  pitching 
motion.  It  should  be  stressed  that  the  approximate  solution  given  by 
equation  7  is  valid  only  for  low  substall  angles  of  attack  and  only  for 


constant  &  motion  whereas  the  USTAR2  analysis  is  potentially  valid  for 
all  angles  of  attack  and  all  airfoil  motions. 

B.  EXPERIMENTAL 

Experimental  data  which  are  used  in  this  report  consist  of 
airfoil  surface  pressure  data,  flow  visualization  data,  and  surface 
hot-wire  data.  All  data  were  obtained  In  the  USAF  Academy  low  speed  2 
ft  x  3  ft  wind  tunnel.  The  experimental  arrangements  will  be  briefly 
described. 


1.  Pressure  data. 


Airfoil  surface  pressure  data  were  obtained  by  Francis, 
Keesee,  atd  Retelle^.  Details  of  the  test  setup  can  be  found  in  that 
reference.  A  computer  controlled  pitch  oscillator  was  used  to  impart 
constant  a  pitching  to  a  6-inch  chord  NACA  0012  airfoil.  Pressure  taps 
were  located  at  19  positions  along  the  surface  of  the  airfoil. 
Approximately  25  repetitions  of  each  case  were  rna  so  as  to  obtain 
ensemble  averages  of  the  surface  pressure  coefficients  at  the  pressure 
ports.  These  data  were  then  used  to  obtain  lift  and  drag  coefficients 
for  the  airfoil  as  a  function  of  time. 

2.  Flow  visualization. 

The  basic  flow  visualization  scheme  was  originally  set  up 
by  Walker  and  Helln  and  was  used  in  the  present  work  to  examine  flow 
arouud  a  6-inch  chord  NACA  0015  airfoil.  This  scheme  makes  use  of  a 
smoke  wire  placed  across  the  tunnel  upstream  of  the  pitching  airfoil. 
The  wire  was  placed  in  a  plane  normal  to  the  axis  of  rotation  of  the 
airfoil.  A  smoke  producing  oil  (Roscoline)  was  coated  on  a  0.005  inch 
diameter  tungsten  wire  which  was  in  turn  heated  electrically  to  produce 
a  large  number  of  smoke  streaks  in  the  flow.  These  streaks  tend  to  have 
a  rather  uniform  spacing  due  to  the  regular  spacing  of  smoke  material 
droplets  which  are  formed  when  the  wire  is  coated.  The  smoke  was 
illuminated  by  a  high  Intensity  strobe  light  placed  downstream  of  the 
airfoil.  The  proper  sequencing  of  airfoil  pitch  commands  with  strobe 
light  and  smoke  wire  triggering  was  accomplished  by  computer  control.  A 
35  mm  camera  looking  along  the  pitch  axis  was  used  Co  record  the  visual 
data. 

3.  Surface  mounted  hot-wire. 

A  NACA  0015  airfoil  with  a  6-inch  chord  was  Instrumented 
In  the  present  work  with  an  array  of  hot-wires.  As  Indicated  in  Figure 
3,  seven  hot-wires  were  mounted  on  the  upper  surface  of  the  airfoil 
(suction  side).  The  hot-wire  sensing  elements  (TSI-10  hot  films)  were 
soldered  to  pairs  of  number  9  sewing  needles  which  protruded  above  the 
airfoil  surface  approximately  0.20  Inches.  The  needle  supports  in  turn 
were  mounted  in  electrically  Insulated  plugs  which  were  machined  flush 
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with  the  airfoil  surface.  A  TSI  model  1050  hot-wire  anemometer  system, 
along  with  an  in-house  linearizer,  were  used  to  obtain  velocity 
signals.  Approximately  25  repetitions  of  each  case  were  run  to  obtain 
ensemble  averages  of  the  velocity  signal  from  each  probe. 


0.4” 


6  spaces  $  0.8"  *  4.8" 


0.8" 


Figure  3.  Surface  Hot-Wire  Configuration 


IV.  RESULTS: 


In  this  section  typical  experimental  data  are  presented  and  compared 
with  analytical  results.  These  data  Include  lift  and  drag  data,  wake 
geometry,  and  airfoil  surface  velocities.  It  should  be  noted  that  a 
large  body  of  data  was  obtained  as  part  of  this  work  and  that  the  data 
presented  herein  are  only  representative  samples. 

A.  Lift  and  Drag. 

Lift  and  drag  data  are  shown  In  Figure  4  for  a  NACA  0012 
airfoil  pitching  up  from  a  zero  angle  of  attack  at  a  non-dimensional 
pitching  rate  K  of  0.089.  The  results  from  the  simple  analysis  given  by 
Equation  7  are  eeen  to  agree  with  the  experimental  lift  data  very  well 
up  to  and  a  little  beyond  the  stall  angle  which  Is  approximately  10 
degrees  fcr  the  present  case.  The  non-zero  lift  coefficient  at  zero 
angle  of  attack  Is  due  to  the  so-called  "pitch  circulation."  The  slope 
of  the  lift  curve  In  this  substall  region  can  be  seen  to  be  considerably 
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less  than  for  the  steady  case  due  to  the  downwaah  on  the  airfoil 
produced  by  the  vortex  sheet  springing  from  the  trailing  edge.  The 
USTAR2  analysis  I3  seen  to  predict  both  lift  and  drag  coefficients 
reasonably  well  below  an  angle  of  attack  equal  to  about  30  degrees.  The 
small,  abrupt  jumps  observed  In  the  USTAR2  results  can  be  attributed  to 
the  tendency  for  the  boundary  layer  separation  point  to  "lock  In"  on 
surface  panel  edges.  This  problem  can  be  corrected  In  subsequent 
versions  of  USTAR2  by  making  minor  changes  In  the  procedures  for 
Introducing  "edge  velocities"  Into  the  boundary  layer  subroutine.  The 
lack  of  agreement  at  high  angles  of  attack  Is  thought  to  be  due  to 
discrete  wake  vortex  core  growths  which  are  excessively  large  In  the 
USTAR2  analysis.  This  reduces  the  effect  of  the  large  scale  vortex 
which  grows  on  the  suction  side  of  the  airfoil.  The  core  growth 
parameter  was  arbitrarily  selected  In  the  past  and  should  be  reduced  to 
represent  more  realistic  growth  rates.  Examination  of  pressure 
coefficient  data  bears  out  the  fact  that  the  Influence  of  the  vortex 
moving  over  the  airfoil  Is  too  weak  In  the  USTAR2  analysis. 

B.  Wake  Geometry. 

The  wake  geometry  obtained  from  the  USTAR2  analysis  Is  compared 
In  Figure  3  to  flow  visualisation  data.  The  vortex  sheets  obtained  In 
the  USTAR2  analysis  basically  represent  "streaklines"  In  that  most  of 
the  fluid  particles  which  make  up  these  sheets  were  either  Injected  Into 
the  flow  at  the  leading  or  trailing  edge.  While  exact  comparisons 
between  visual  and  calculated  results  are  difficult  to  make,  It  does 
appear  that  the  predicted  large  scale  vortex  is  not  as  tightly  rolled  up 
as  that  Indicated  by  flow  visualisation.  This  again  Indicates  that  the 
discrete  wake  vortex  cores  are  growing  at  excessive  rates  In  the  USTAR2 
analysis. 

C.  Airfoil  Surface  Velocities. 

Velocities  obtained  from  three  of  the  seven  surface  mounted 
hot'-vlre  probes  are  shown  for  a  particular  case  In  Figure  6.  Near  the 
nose  of  the  airfoil  (7Z  chord)  the  velocity  measured  by  the  probe  rises 
until  the  probe  becomes  Immersed  In  the  separated  boundary  layer.  A 
significant  region  of  reversed  flow  first  appears  at  an  angle  of  attack 
of  about  25  to  30  degrees  somewhat  downstream  of  the  nose  (20Z  chord). 
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rjfurt  i.  Velocltloa  Obtained  Croa  Surface  Mounted  Hot-Wire  Aneaoaeter 
(K  •  0.089,  Be  ••  62,500,  rivet  Point  -  0.317  Chord,  NACA  0015) 


For  this  particular  case  the  magnitude  of  the  reversed  flow  reaches  a 

maximum  at  about  the  60Z  chord  and  has  a  value  of  1.5  times  the  freestream 
velocity.  Further  downstream  (87Z  chord),  the  reverse  flow  due  to  the 

initial  large  scale  vortex  passage  is  reduced  and  occurs  at  a  higher  angle 
of  attack. 

While  no  direct  comparisons  have  been  made  between  the  hot-wire  results 
and  USTAR2,  it  is  apparent  from  examination  of  pressure  coefficient  data 
obtained  from  USTAR2  that  the  relatively  large  magnitude  of  the  reverse 

flow  are  not  being  predicted.  This  again  emphasizes  the  need  to  reduce  the 
discrete  vortex  core  growth  rate  in  the  USTAR2  model  to  produce  a  more 

energetic  large  scale  vortical  structure. 

V.  RECOMMENDATIONS: 


In  general,  the  greatest  need  is  to  continue  to  expand  the  experimental 
data  base.  Some  minor  changes  In  experimental  methodology  may  also  be 
appropriate  in  order  to  Improve  the  quality  and  ease  of  taking  data.  It  is 
also  apparant  that  the  analytical  model  USTAR2  may  be  improved  on  the  basis 
of  the  experimental  data  already  obtained. 

A.  Experimental. 

In  order  to  complete  the  data  base  for  the  current  set  of  runs 
(constant  &  starting  from  zero  angle  of  attack)  surface  pressure  data 
should  be  obtained  in  addition  to  those  obtained  by  Francis,  at.  al.15. 
After  those  data  are  taken  the  effect  of  a  non-zero  initial  angle  of  attack 
should  be  studied.  Other  pitching  schedules  such  as  constant  d  should 
also  be  run.  In  order  to  improve  the  flow  visualization  methodology,  a 
high  speed  movie  camera  should  be  used  in  place  of  the  present  35  mm 
camera.  In  addition,  a  more  powerful  pitching  mechanism  may  be  required  to 
run  some  of  the  desired  cases.  Finally,  it  is  recommended  that  a  series  of 
tests  be  run  with  much  larger  values  of  the  non-dimensional  pitching  rate 
K.  These  high  values  of  K  can  be  obtained  in  the  tow  tank  facility  at 
Texas  Tech  University.  This  recommended  work  will  be  the  subject  of  a 
vlnl-grant  proposal  by  the  author. 


B.  Analytical* 

The  USTAR2  analysis  which  is  presently  being  developed  at  Texas 
Tech  University  under  a  contract  from  Sandia  Laboratories,  Albuquerque,  New 
Mexico,  should  be  improved  on  the  basis  of  the  experimental  data  already 
obtained.  In  particular,  a  systematic  study  of  the  discrete  vortex  core 
growth  parameter  should  be  undertaken  to  yield  better  agreement  with  data. 
The  boundary  layer  prediction  scheme  should  also  be  Improved  with  regard  to 
Improved  numerical  procedures. 
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NEGATIVE  ION-POLAR  MOLECULE  REACTIONS 
by 
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ABSTRACT 

The  rate  constants  for  proton-transfer  reactions  of  OH  ,  NH^  and 
0  with  HCN  and  CH^CNand  for  the  displacement  reactions  of  OH  and  0 
with  methyl  halides  have  been  measured  in  the  gas  phase  in  the  tempera¬ 
ture  range  200K-500K  using  a  selected  ion  flow  tube.  Rate  constants 
of  the  fastest  reactions  are  very  close  to  the  collision  rate  constants 
predicted  by  the  trajectory  method.  It  was  observed  that  the  reaction 
efficiency  decreases  as  exothermicity  decreases  and  the  reaction  proba¬ 
bility  of  S^2  reactions  decreases  as  temperature  increases.  A  trajec¬ 
tory  calculation  is  also  developed  for  the  kinetic  energy  dependence 
of  ion-polar  molecule  collision  rate  constants. 
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I.  INTRODUCTION; 

Ion-molecule  reactions  are  important  in  atmosphere  chemistry, 

combustion  systems  and  gas  discharges.  Ion-chemistry  has  been  a  fast 

growing  field  in  the  past  couple  of  decades.*  Numerous  reactions  have 

been  studied  involving  both  positive  and  negative  ions.  Much  theore- 

2 

tical  work  has  also  been  done.  Although  many  negative  ion  molecule 

reactions  ha /e  been  studied,  temperature  dependence  experiments  have 

not  been  performed  for  most  of  the  reactions.  Temperature  dependence 

investigations  are  of  importance  in  studying  reaction  mechanisms  and 

the  properties  of  reaction  complexes.^ 

The  present  project  is  concerned  with  the  temperature  dependence 

of  the  reactions  of  the  following  ion-polar  molecule  systems;  the 

reactions  of  OH  ,  0  and  NH^  with  HCN  and  CH3CN,  and  the  reactions 

of  OH  and  0  with  methyl  halides.  These  reactions,  except  that  of 

O  with  CH^CN,  have  been  studied  by  Bohme  and  coworkers  '  '  using 

the  flowing  afterglow  technique  at  room  temperature.  Here  we  report 

the  reaction  rate  constants  and  branching  ratios  in  the  temperature 

range  200K-500K.  Reactions  of  OH  and  0  with  HCN  and  CH3CN  are 

chosen  because  these  ions  and  neutrals  were  found  in  the  eartrfs  atmos- 
7,8 

phere  and  because  the  neutrals  hrve  very  high  dipole  moments. 

These  reactions  are  suitable  for  studying  the  dipole  effects.  Reac¬ 
tions  of  NH2  with  these  neutrals  were  also  studied  because  their 

large  rate  constants  can  add  further  test  on  the  temperature  depen- 

9  10 

dence  trajectory  treatment  of  ion-polar  molecule  interactions  ' 

which  is  used  in  this  project  as  a  diagnostic  tool  to  study  reaction 

mechanisms.  Reactions  of  0  and  OH  with  methyl  halides  were  chosen 

because  they  involve  32  reactions  which  require  a  specific  site  of 

N 

attack  for  the  reaction  to  occur.  We  are  interested  in  studying  the 
effect  of  restricted  reaction  site  on  the  reaction  efficiency. 

Another  aspect  of  this  project  is  to  develop  trajectory  calcula¬ 
tions  of  kinetic  energy  dependence  of  ion-polar  molecule  collision 

rate  constants.  Temperature  dependence  trajectory  calculations  men- 

9  10 

tioned  above have  been  developed  and  parameterized. 


In  these 


calculations,  the  ion  is  treated  as  a  point  charge  and  the  polar  mole¬ 
cule  as  a  two-dimensional  rigid  rotor.  The  system  Hamiltonian  is  given 


by 


y 


r 
2  y 


2yr 


+  21  +  V(r'  0)' 


(1) 


where  is  the  radial  momentum  of  the  collision  partners,  y  is  the 
reduced  mass  and  L  is  their  orbital  angular  momentum.  The  angular 
momentum  and  moment  of  inertia  of  the  rotor  are  given  by  J  and  I,  res¬ 
pectively.  V(r,  0)  is  the  ion-dipole  potential  which  is  a  function  of 
the  ion-molecule  separation,  r,  and  the  angle  formed  by  r  and  the  di¬ 
pole,  0.  The  capture  rate  constant,  k  (E) ,  at  a  total  energy,  E, 

cap 

is  given  by 

k  (E)  -  F  (E)/p  (E)  (2) 

cap  cap 


where  F  (E)  is  the  microcanonical  capture  f lux  and  p (E)  is  the  total 
cap 

density  of  states  per  unit  volume  of  the  collision  partners  at  infinite 

separation.  The  trajectories  were  begun  at  the  capture  radius,  r  * 

2  l  ° 

(aq  /2E)  ,  and  were  integrated  to  a  large  ion-molecule  separation.  The 

thermal  capture  rate  constant  was  obtained  by  averaging  k  (E)  over  a 

cap 

five  dimensional  Boltzmann  energy  distribution.  During  recent  years, 
due  to  the  advance  of  experimental  techniques,  numerous  experimental 
works  were  performed  to  examine  the  kinetic  energy  dependence  of  ion- 
molecule  reactions.11  In  these  experiments,  while  the  ion-reactant 
kinetic  energy  may  be  varied,  the  rotational  energy  of  the  reactant 
neutral  remains  at  room  temperature  or  at  a  specific  temperature.  Con¬ 
sequently,  there  is  a  growing  need  for  a  collision  theory  that  describes 
the  kinetic  energy  dependence  of  rate  constants  when  the  neutral  remains 
at  thermal  energy. 


II.  OBJECTIVES 

The  objectives  of  this  project  vere> 

(1)  To  determine  experimentally  the  reaction  rate  constants  and 
branching  ratios  (if  any)  of  the  negative  ion-polar  molecule 
reaction  systems  mentioned  above  at  different  temperatures. 

(2)  To  study  the  kinetics  of  these  reactions  by  comparing  experimental 
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results  with  theoretical  models  at  different  temperatures. 

(3)  To  develop  trajectory  calculations  for  the  kinetic  energy  depen¬ 
dence  of  ion-polar  molecule  collision  rate  constants, 
m .  EXPERIMENTAL  APPARATUS 

The  rate  constant  measurements  were  carried  out  using  a  selected 

ion  flow  tube  (SIFT) .  The  SIFT  is  similar  to  that  described  by  Adams 
12 

and  Smith.  Brie fly ,  the  reactant  ions  are  generated  in  an  appro¬ 

priate  source,  mass-selected,  and  injected  into  the  flow  tube  through 
a  venturi-type  aspirator  inlet,  whence  they  are  carried  downstream 
past  the  reactant-molecule  inlet  and  are  detected  by  a  mass  spectro¬ 
meter  sampling  system.  The  total  rate  coefficient  for  the  selected 
ion-molecule  reaction  is  determined  from  the  decline  of  the  ion  signal 
as  a  function  of  neutral  gas  addition. 

!V.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
A.  Reactions  of  NH^  ,  OH  and  0  with  HCN  and  CH^CN 

Figure  1  compares  experimental  rate  constants  of  reactions  (a) , 

(b)  and  (c)  with  theoretical  collision  rate  constants  calculated  by 

9  10 

the  trajectory  method  '  in  the  temperature  range  300K-500K.  Figure 
2  gives  the  similar  comparison  for  reactions  (d) ,  (e)  and  (f) . 


AH  (kcal/mole) 

NH2~  +  HCN  ON”  +  NH3 

-54 

(a) 

OH*  +  HCN  -*■  CN”  +  H20 

-41 

(b) 

0”  +  HCN  +  CN”  +  OH 

-32 

(c) 

nh2‘  +  ch3cn  «*•  ch2cn"  +  nh3 

-29 

(d) 

oh”  +  CH3CN  +  ch2cn”  +  H20 

-16 

(e) 

o”  +  CH3CN  -*•  ch2cn”  +  OH 

-9 

(f) 

The  ordinate  of  these  figures  is  the  ratio  of  rate  constant  to  the 

13  4  5 

Langevin  rate  constant,  k_ .  Experimental  values  measured  by  Bohme  ' 

L 

at  room  temperature  are  also  included  in  the  figures.  The  rate  con¬ 
stants  of  reactions  (a) ,  (b)  and  (d)  are  very  close  to  the  collision 
rate  constants  throughout  the  temperature  range  studied.  Since  these 
reactions  are  some  of  those  very  fast  ion-polar  molecule  proton  transfer 
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reactions  compared  to  the  Langevin  theory,  it  is  reasonable  to  believe 
that,  their  reaction  efficiencies  are  very  close  to  unity.  The  results 
here  give  a  positive  support  to  the  theoretical  model.  Rate  constants 
rf  reactions  (c) ,  (e)  and  (f)  are  somewhat  less  than  the  collision 
rate  constants.  It  appears  that  in  both  sets  of  reactions,  the  reac¬ 
tion  efficiency  decreases  as  the  exothermicity  <  ecreases.  A  second 
product  ion,  CNO  ,  is  also  observed  in  reaction  (c) .  This  corresponds 
to  the  reaction  0  +  HCN  +  CNO  +  H.  The  amount  of  CNO  formation  was 

about  10%  of  the  total  product  formation  throughout  the  temperature 
range  studied.  For  those  reactions  with  reaction  efficiency  less  than 
unity,  the  shapes  of  the  reaction  rate  constant  vs.  temperature  curves 
are  not  much  different  from  those  of  the  collision  rate  constants.  The 
below  unity  reaction  efficiency  is  probably  a  result  of  the  backward 
dissociation  of  the  ion-molecule  complex  to  the  reactants.  The  rela¬ 
tive  probability  of  this  backward  dissociation  is  expected  to  increase 
as  the  exothermicity  decreases. 

B.  Reactions  of  OH  and  0  with  methyl  halides 

Figure  3  gives  the  comparison  of  the  total  rate  constants  of  reac 
tions  (g) ,  (h)  and  (i)  with  theoretical  collision  rate  constants. 

AH(kcal/mole) 

OH’  +  CH^Br  «*•  Br“  +  O^OH  -57  (g) 

OH’  +  CH3C1  +  Cl’  +  C«30H  -50  (h) 

OH’  +  CH  F  ♦  F’  ♦  CH  OH  -18  (i) 

Experimental  rate  constants  measured  by  Bohme  at  room  temperature  are 

also  included  in  the  figure.  Except  for  reaction  (g)  ,  the  results  of 

this  work  agree  well  with  Bohme's  results  at  room  temperature.  Note 

that  the  experimental  data  of  reaction  (i)  shown  in  Figure  3  are  the 

rate  constants  multiplied  by  100.  Although  the  major  reaction  channel 

(the  S  2  channel)  of  reactions  (g)  and  (h)  are  quite  exothermic,  their 
N 

reaction  rate  constants  are  significantly  lower  than  the  collision 

rate  constants  and  they  also  appear  to  decrease  at  higher  temperatures. 

The  below  unity  reaction  efficiencies  are  probably  a  result  of  the 

restricted  reaction  site  in  SM2  reactions.  The  exothermicity  of 

N 
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reaction  (i)  is  much  lower.  The  reaction  efficiency  is  also  much 
lower  and  decreases  drastically  as  temperature  increases.  It  is  rea¬ 
sonable  to  believe  that  the  reaction  efficiency  of  S„2  reactions  would 
increase  as  the  lifetime  of  the  ion-molecule  complex  increases.  As 
temperature  increases,  both  the  relative  kinetic  energy  of  the  ion- 
molecule  partners  and  the  rotational  energy  of  the  polar  molecule 
increases.  The  complex  lifetime  would  probably  decrease  leading  to  a 
lower  S„2  reaction  efficiency. 

A  small  amount  of  CH^Br  and  CHjCl  were  observed  as  product  ions 
in  the  reactions  of  OH  with  CH^Br  and  CH^Cl,  respectively.  Since  the 
reactions  OH*  +  CH^Br  -►  CH2Br~+  H20  and  OH*  +  CH3C1  +  CH2Cl*  +  H20  are 
predicted  to  be  quite  endothermic,  they  are  not  expected  to  be  observed 
in  the  temperature  range  studied.  A  possibility  of  the  formation  of 
CH2y” (where  Y  *  Br  or  Cl)  in  these  experiments  is  that  some  impurities, 
maybe  CH^C^Y,  are  present  in  the  CH^Y  gas  samples  leading  the  reac¬ 
tions  of  the  type  OH*  +  CH^O^Y  CHjY  +  CH3OH  to  happen. 

Figure  4  gives  the  comparison  of  the  total  reaction  rate  constants 
of  reactions  ( j) ,  (k)  and  (1)  with  collision  rate  constants. 


U 


r— ►  cl 


CHjCX 


u 


CH. 


AH(kcal/mole) 

Br*  +  CH30 

-66 

(jl) 

OH*  +  CHjBr 

-8 

<j2) 

CHBr*  +  H20 

-20  (estimate) 

03) 

Cl*  ♦  ch3o 

-59 

(kl) 

OH*  ♦  CH2C1 

-10 

(k2) 

CHCl”  ♦  CH30 

-20  (estimate) 

(k3) 

F*  +  CHjO 

-27 

(U) 

OH*  +  CH2F 

-10 

(12) 

chf"  +  h2o 

-10  (estimate) 

(13) 

Results  from  Bohme*  are  also  included  in  the  figure.  Rate  constants 
measured  in  this  work  at  room  temperature  agree  well  with  those  obtained 
by  Bohno  for  reactions  (k)  and  (1).  However,  similar  to  reaction  (g)  ,  the 
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rate  constant  of  reaction  (j)  measured  in  this  work  at  room  tempera¬ 
ture  is  substantially  higher  than  that  measured  by  Bohme.  This  dis¬ 
crepancy  is  not  understood. 

Figures  5,  6  and  7  show  the  branching  ratios  (in  product  percen¬ 
tages)  of  reactions  (j) ,  (k)  and  (1)  respectively.  Similar  to  the 
reactions  of  OH  ,  the  total  reaction  efficiencies  of  reactions  of  0 
with  methyl  halides  are:  CH^Br  >  CH3C1  >  CH3F.  This  has  the  same 
trend  as  that  of  the  exothermicity  of  the  SN2  channel,  the  most  exo¬ 
thermic  channel  of  each  system.  The  shapes  of  the  temperature  depen¬ 
dence  curves  of  the  total  reaction  rate  constants  acre  similar  to  those 
of  the  collision  rate  constants.  However,  the  branching  ratios  shown 
in  Figures  5  to  7  deserve  more  discussion.  Figures  5  to  7  are  obtained 
by  measuring  the  relative  ion  signals  at  a  constant  neutral  gas  addi¬ 
tion  as  a  function  of  temperature.  As  pointed  out  by  Bohme,6  there  arc 
uncertainties  in  determining  the  branching  ratios  of  these  reactions 
because  of  the  uncertainties  associated  with  sampling  and  detection 
sensitivities  and  the  further  reactions  of  CHX  (where  X  «  Br,  Cl  or  F) 
and  OH  with  CH3X.  However,  these  results  are  at  least  semiquantitative 
especially  the  change  of  the  branching  ratios  with  temperature.  Let's 
first  take  a  look,  at  Figure  7.  Although  the  moat  exothermic  channel  is 
the  formation  of  F~  (S  2  reaction) ,  the  formation  of  OH  is  clearly  the 

N 

dominant  channel.  This  is  probably  why  the  total  reaction  efficiency  of 

reaction  (IT  is  much  higher  than  that  of  reaction  (i)  where  F  is  the 

only  observable  product.  This  also  implies  that  the  S  2  reaction  is 

N 

relatively  less  likely  to  occur  despite  the  higher  exothermicity. 
Reaction  (13)  also  has  low  reaction  probability  because  of  the  low 
exothermicity  and  the  relatively  more  complex  process  cf  transferring 
two  H  atoms. 

Figures  5  and  6  show  similar  branching  ratios  as  a  function  of 

temperature  for  reactions  (j)  and  (k) .  In  each  case  the  S  2  reaction 

N 

channel  is  the  dominant  one  at  low  temperatures  but  its  production 
probability  decreases  as  temperature  increases,  indicating  that  the 
Su2  process  becosies  less  likely  to  occur  at  higher  temperatures  as 

N 


suggested  previously.  The  increase  in  reaction  probability  of  reac¬ 
tions  (j-),  ( j3) ,  (k2)  and  (k3)  suggests  that  there  may  be  an  energy 
barrier  in  the  exit  channel  of  each  of  these  reactions. 


V.  TRAJECTORY  TREATMENT  OF  KINETIC  ENERGY  DEPENDENCE  OF  ION-POLAR 
MOLECULE  COLLISION  RATE  CONSTANTS 

The  approach  in  this  calculation  is  similar  to  that  for  thermal 

9  10 

energy  ion-polar  molecule  collisions.  '  The  trajectories,  however, 

are  integrated  inwardly  from  ca.  65  X  ion-mclecule  separation  toward 

the  capture  separation,  r  .  The  capture  rate  constant,  k  (E^,T)  at 

o  cap  t 

a  given  relative  kinetic  energy,  Efc,  and  temperature ,  T,  is  given  by 


k™n(VT)  =  F~,n(VT)/e(V' 

cap  t  cap  t  t 


(3) 


where  F  (E. )  is  the  total  capture  flux  considering  the  thermal  dis- 
cap  t 

tribution  of  the  two  dimensional  rotational  energy,  Er,  of  the  neutral 
and  p (E^)  is  the  translational  density  of  states  per  unit  volume  of 
the  colliding  partners  at  infinite  separation.  Thus  Equation  (3) 
becomes 


k  (E  T) 
cap  t 


2ir<2y)3/2Et1/2kBT 


x{p,q}dy,dv  2LdLexp ( -E/kT) dE 
r  r  o  r 

(4) 


is  the  Boltzmann  constant,  y^  and  y are  Euler  angles. 

Xr(p,q>  is  the  characteristic  function  which  labels  the  trajectory 

with  initial  condition  {p,q}  on  r  as  reactive  or  nonreactive.  If  the 

trajectory  returns  to  65  SI,  then  xr  ■  0  for  that  trajectory.  If  the 

trajectory  reached  r^,  then  xr  ■  1-  Figure  8  shows  the  calculated 

collision  rate  constant  as  a  function  of  Efc  for  the  ion-polar  molecule 

system  OH  +  HCN  at  300K  using  1000  trajectories  for  each  given  Et> 

This  leads  to  an  error  of  <10%.  Collision  rate  constants  of  other 

systems  can  be  calculated  in  the  same  way.  As  pointed  out  in  the  pre- 
9  10 

vious  work,  '  to  get  more  accurate  results,  about  3000  trajectories 
are  needed  for  a  given  kinetic  energy. 


where 
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molecule  sec 
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cr* 

o 
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Figure  8.  Kinetic  Energy  Dependence  of  Collision  Rate  Constant. 


VI.  RECOMMENDATIONS 

There  are  at  least  a  couple  of  theoretical  treatments  that  can  be 
performed  to  provide  better  understanding  of  the  mechanisms  of  the 
ion-polar  molecule  reactions  studied  in  this  project. 

(1)  As  mentioned  previously,  the  reaction  probability  of  S„2  reac 
tions  may  depend  on  the  lifetime  of  the  ion-molecule  collision  complex. 
The  lifetime  of  ion-molecule  complexes  can  be  estimated  by  using  the 
method  of  the  thermal  energy  trajectory  calculations  with  the  trajec¬ 
tories  integrated  inwardly  from  large  ion-molecule  separations.  The 
time  that  each  trajectory  spends  within  the  capture  radius  or  an 
assigned  ion-molecule  separation  will  be  recorded.  The  relative  life¬ 
time  of  the  ion-molecule  complex  at  a  given  temperature  can  be  approxi¬ 
mated  by  the  average  time  of  all  captured  trajectories  spend  within  this 
assigned  separation.  This  can  be  done  for  different  ion-molecule 
systems  at  different  temperatures  to  g*in  more  inctght  into  ion-polar 
molecule  interactions. 

(2)  A  statistical  theoretical  treatment  can  be  performed  to  study 

the  branching  ratios  of  the  reactions  of  OH  and  0  with  methyl  halides. 
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We  suggest  that  the  transition  state  switching  model^'^  be  employed* 
This  model  recognizes  that  there  are  at  least  two  transition  states,  a 
tight  transition  state  close  to  the  unimolecular  reactant  (or  ion- 
molecule  complex)  and  an  orbiting  transition  state  close  to  the  separated 
products.  The  transition  state  switching  model  requires  that  the  best 
transition  state  to  use  at  each  energy  and  angular  momentum  is  the  one 
of  minimum  flux.  By  comparing  theoretical  model  with  experimental 
results,  information  of  the  structure  of  the  complex  and  potential 
energy  surface  of  uie  reaction  paths  can  be  deduced. 

Finally,  further  development  in  trajectory  calculations  of  ion- 
polar  molecule  interactions  are  desirable  in  both  the  temperature  depen¬ 
dence  and  the  kinetic  energy  dependence  of  collision  rate  constants. 

For  example,  other  potential  energies  such  as  the  induced  dipole-induced 
dipole  potential  and  the  ion-quadrupole  potential  can  be  added.  The 
size  of  the  particles  and  the  three  dimensional  rotational  motion  of 
non-linear  molecules  can  also  be  considered  in  the  calculations. 
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ABSTRACT 


The  report  outlinea  a  rationale  and  methodology  that  can  be  need  to 
allocate  reaourcea  in  the  Air  Force  Research  an'1  Developement  Space 
Program.  The  results  of  allocations  are  shown  bot’t  graphically  and  in 
tabular  form.  The  report  addresses  mission  priorities  and  work  unit 
(research  projects)  selection  and  shows  how  each  can  affect  the  overall 
mission  accomplishment.  That  work  unit  subjective  probability  of 
success  estimates  have  traditionally  been  overly  optimistic  is  also 
addressed  and  a  potential  solution  is  discussed.  The  dynamic  model 
developed  can  easily  be  utilised  to  search  out  best  overall  solutions 
and  for  exercising  "what  if  opportunities.  An  extensive  bibliography 


of  resource  allocation  model  evaluations  is  included. 
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I.  INTRODUCTION 

Knowing  which  technology  to  fund  when,  and  at  what  level  of  effort, 
haa  plagued  reaearch  organizationa  for  yeara.  The  risk  associated  with 
pushing  technology  at  the  leading  edge,  at  the  expense  of  more 
convential  technologies,  is  high  indeed.  Similarly,  if  the  leading  edge 
reaearch  program  ia  successful  it  results  in  great  payoff. 

The  drug  companies  must  expend  vast  sums  of  money  on  basic  research 
that  they  hope  will  result  in  a  marketable  product.  In  a  like  manner 
the  Defense  Department  must  fund  a  multitude  of  research  efforts  in 
hopes  that  this  basic  research  will  assist  in  mission  accomplishment 
fifteen  to  fifty  years  hence.  The  Air  Force  Space  Mission  haa  been 
defined  for  the  1990's  and  today's  research  must  answer  those  questions 
necessary  to  put  the  best  hardware  into  apace. 

Limited  budgets  are  a  fact  of  life  with  the  Air  Force  Space 
Program.  Therefore,  it  is  absolutely  essential  that  the  Air  Force 
support  those  research  efforts  that  lead  most  directly  to  mission 
accomplishment.  Anything  less  than  this  is  an  inefficient  expenditure 
of  funds  and  may  potentially  lead  to  non-mission  accomplishement.  Vhen 
the  cost  of  losing  is  to  jeopardise  national  security,  the  pressure  to 
assure  an  optimum  research  program  is  invaluable. 

This  report  addresses  the  key  risks  associated  with  research 
funding  and  suggests  a  dynamic  simulation  as  a  methodology  for  selecting 
the  most  favorable  research  project  portfolio.  All  allocations  are 
based  upon  the  accomplishment  of  the  Air  Force  Space  Mission  in  the 
nineties,  the  risks  associated  with  new  technologies  and  the  priorities 
of  various  missions  are  all  included  in  the  modeling  effort. 


II.  OBJECTIVE 


The  objective  of  this  report  was  to  determine  the  feasibility  of 
designing  an  improved  research  and  development  work  unit  selection  model 
for  use  by  the  Space  Applications  Major  Thrust  (SAMT)  group. 

The  model  should  address  the  six  identified  space  technology  goals, 
include  the  34  major  tasks,  be  relatively  simple  but  inclusive  of  all 
significant  variables,  be  interactive  if  possible,  provide  a  visual 
result,  and  select  the  appropriate  work  units  to  "optimise*1  an  overall 
SAMT  time  varying  measure  of  effectiveness. 

The  authors  have  a  combined  total  of  over  24  years  of  military 
service  and  therefore,  began  with  a  general  understanding  of • the  inter- 
workings  of  the  current  R  &  D  project  (work  units  in  this  case) 
selection  methodology.  A  computerised  literature  search  and  comprehen¬ 
sive  review  were  used  as  background  for  the  modeling  that  followed.  It 
was  agreed  upon  early  in  this  work  that  the  potential  value  of  a 
computer  simulation  model  was  very  high.  This  modeling  technique  can 
include  probabilities,  risk,  large  numbers  of  work  units,  sensitivity 
analysis,  and  excellent  (easy  to  understand)  graphics. 

in.  tiniAim  mug 

An  initial  search  of  the  current  literature  addressing  Research 
and  Development  (R  and  D)  investment  strategies  yielded  an  abundance  of 
individual  R  and  D  "project  selection"  models.  It  is  estimated  by  one 
prominent  author  in  this  field  that  literally  hundreds  of  models  have 
been  developed  to  accomplish  this  task^.  In  response  to  a  profusion  of 
previously  developed  models;  the  decision  was  made  to  seek  out  model 
comparaison  articles  which  might  provide  some  insights  into  the 


strengths  end  freshnesses  of  currently  available  R  and  D  selection  models 
and  identify  which  approaches  have  previously  been  explored.  The 
following  is  a  short  history  of  the  comparative  literature  in  the  field 
of  &  and  D  project  selection  modeling. 

The  article  which  appears  to  be  the  baseline  for  most  of  the 
current  comparative  R  and  D  project  selection  work  done  was  published  in 
1964  by  N.  R.  Baker  and  V.  E,  Pound.  Appropriately  entitled  "R  and  D 
project  Selection:  Where  We  Stand,  Baker  and  Pound  discuss  in  fair 
detail  three  separate  models  which  they  believed  were  representative  of 
the  models  in  existence  at  the  time.  These  classifications  and  their 
brief  descriptions  are  provided  below: 

a)  Decision  Theory  Approach:  Represented  by  the  Mattley-Newton 
model.  This  approach  involves  rating  each  project 
subjectively  with  respect  to  a  number  of  important  criteria 
such  as:  1)  promise  of  technical  success,  2)  duration  of 
project,  3)  estimated  cost  etc.  A  projects  decision  score  is 
then  calculated  as  the  product  of  these  individual  scores. 
Those  with  the  highest  product  are  considered  most  desirable. 

b)  Economic  Analysis  Approach:  Represented  by  the  Disman  model. 
This  approach  involves  the  calculations  of  a  maximum  expendi¬ 
ture  justified  (MEJ)  for  each  project.  This  project  MEJ  is 
equal  to  the  product  of  the  discounted  net  value  of  the 
project  and  the  project  probability  of  success.  The  MEJ 
divided  by  the  cost  of  the  project  then  provides  a  relative 
"benefits  to  cost"  ratio  to  which  other  projects  can  be 


c)  Operations  Research  Approach:  Represented  by  the  unique  Hess 
model.  This  approach  involves  the  application  of  sophisti¬ 
cated  mathematics  to  the  project  selection  problem.  Estimates 
are  required  of  the  benefit  value  of  each  project  as  of  the 
nth  period  of  time  prior  to  success,  and  the  probability  of 
success  in  each  period.  Selectiou  is  accomplished  by 
maximising  the  expected  value  mathematically.  Data 
requirements  for  this  model  are  restrictive. 

These  three  basic  model  types  mere  an  initial  attempt  to  model  vhat 
Baker  and  Pound  realised  vas  "a  relatively  unstructured  problem."  The 
approaches  were  for  the  most  part  derivatives  of  previous  Operation 
Research-Management  Science  techniques  and  the  authors  further  realised 
that  the  problem  required  more  study  before  the  validity  of  any  of  these 
approaches  could  be  ascertained. 

Following  the  approach  of  the  Baker/Pound  article  vas  a  model 
comparison  article  published  by  Catron,  Martino,  and  Roepske*.  This 
article  expanded  the  number  of  models  considered  to  30  vith  the  bulk  of 
the  nev  models  falling  into  one  of  the  three  categories  previously 
established  by  Baker /Pound.  Bach  of  these  models  is  then  judged  against 
a  fixed  set  of  26  requirements  such  as  sensitivity  to  small  input 
changes,  time  constraints,  etc.  The  end  result  is  a  series  of  charts 
which  provide  at  least  a  rudimentory  overview  of  the  then  current 
modeling  capabilities. 

An  interesting  side-note  in  the  Cetron/Hartino/Pound  article  is 
their  mention  of  several  models  intended  for  Defense  Department  use. 
Representative  of  these  models  is  Esch's  PATTERJf  model  which  attempts  to 


predict  technology  requirements  necessary  to  support  future  natioosl 
security  objectives  end  then  direct  the  R  &  D  optimisation  efforts  into 
filling  the  predicted  shortfalls.  This  appears  to  be  a  significant 
refinement  over  previoua  approaches. 

In  1975  H.  R.  Baker  with  co-author  J.  Freeland  published  a  very 
significant  follow-on  article  to  Baker's  initial  1964  report^.  This 
article  summarised  some  of  the  significant  work  which  had  been  accom¬ 
plished  during  the  previous  decade,  including  some  very  sorely  needed 
quantitative  model  evaluation  techniques  which  allowed  for  more  accurate 
comparisons  of  the  expanding  number  of  R  &  D  project  selection  models. 
This  topic  will  be  discussed  in  greater  detail  later  in  this  paper. 

In  a  departure  from  previous  model  classification  procedures,  Baker 
and  Freeland  grouped  competing  models  under  two  major  categories;  namely 
benefit  measurement  models  and  project  selection/resource  allocation 
models.  Benefit  measurement  models  are  those  which  attempt  to  measure 
the  contribution  which  individual  projects  or  a  combination  of  projects 
make  in  satiafying  established  research  goals.  The  authors  point  out 
that  the  uae  of  a  benefit  measurement  type  model  allows  for  an 
interactive  portfolio  analysis  procedure  which  may  have  inherently  more 
meaning  than  the  evaluation  of  isolated  projects.  They  also  point  out 
that  an  interactive  benefit  contribution  model  can  also  supply  its  user 
with  a  valuable  form  of  sensitivity  analysis  which  allows  the  operator 
to  MtestM  economic  and  portfolio  changes. 

On  the  topic  of  benefit  contribution  models,  it  is  worthwhile  to 
note  that  in  their  1976  assessment  of  military  R  4  D  project  selection 
models  for  Froject  BAUD*  B.S.  Ojdana  and  J.F.  Veyant  strongly  favored 
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benefit  contribution  models  over  other  types  for  this  epplicetion.  The 
primary  reason  cited  by  these  authors  is  apparently  organizational 
compatability.  'The  use  of  benefit  contribution  models  appears  better 
suited  to  the  needs  of  the  Air  Force  (and  the  DOD)  because  these 
departments  now  justify  R  &  D  projects  on  the  basis  of  mission 
requirements  or  goals." 

Finally,  the  most  current  model  comparison  articles  provide  a  final 
update  on  current  modeling  techniques.  In  his  197$  article,  V.  I. 
Souder  discusses  several  modeling  concepts  which  could  have  utility  in 
future  I  i  D  project  selection  models1.  One  of  these  techniques 
involves  risk  analysis  which  allows  the  decision  maker  to  more 
accurately  input  his/her  chosen  investment  strategies  into  the  project 
selection  process.  Unfortunately  risk  analysis  requires  a  substantial 
amount  of  additional  subjective  estimating  of  future  project  character¬ 
istics  which  may  negate  some  of  its  benefits.  A  second  technique  known 
as  frontier  modeling  may  function  as  a  screening  device  to  eliminate 
unacceptable  projects  prior  to  entry  into  the  general  model*  Frontier 
modeling  establishes  a  graphical  acceptance  region  based  on  estimated 
project  risk  and  return  criterion  which  allows  for  quick  indent if icat ion 
of  unsuitable  projects.  Also  discussed  in  Souder"s  article  are  project 
profiling  procedures  and  Q-sort  technique  which  may  also  be  of  some 
value. 

Attempting  to  model  a  problem  as  unstructured  and  complex  as  1  and  D 
project  selection  has  generated  an  abundance  of  models  each  with 
different  capabilities  and  limitations.  V.  g.  Souder  has  developed  a 
systematic  methodology  for  analytically  scoring  perspective  models  based 


upon  a  fixed  set  of  criteria  which  seems  to  have  gained  some  acceptance 


by  other  authors  in  the  fieldJ»  .  This  model  may  provide  a  much  needed 


comparison  methodology  by  which  the  utility  of  new  models  may  be 


measured.  Before  discussing  this  system  in  more  detail  a  basic  modeling 


assumption  shall  also  be  addressed. 


Inherent  in  almost  any  of  the  modeling  forms  in  current  existance 


is  the  requirement  for  some  sort  of  project  "probability  of  technical 


success"  estimate,  usually  provided  by  the  project  manager  or  sponsor. 


This  subjective  probability  estimate  has  been  pointed  out  by  a  number  of 


authors  as  a  source  of  error.  In  his  1979  review  of  the  literature  A. 


Schnarch  concluded  "Some  of  the  optimism  in  forecasting  costs  and 


completion  times  may  be  ~  according  to  the  literature  —  due  to 


deliberate  manipulation  on  part  of  R  &  D  management  with  the  aim  of 


making  projects  look  attractive."^  W.E.  Souder  also  accomplished  a 


preliminary  study  in  this  field  and  concluded  that  in  the  absence  of 


organizational  pressure  project  managers  are  capable  of  providing 


leaningful  project  probability  estimates  even  for  preliminary  research 


projects7.  Since  these  subjective  probability  estimates  usually  provide 


the  'Hinder pinning*"  upon  which  the  subsequent  project  selection  model  is 


built,  it  is  essential  that  some  efforts  should  be  made  to  eliminate 


organizational  bias. 


This  organizational  and  individual  bias  or  over  optimism  can  be 


controlled  by  using  the  following  technique.  Advise  each  work  unit 


manager  that  he  will  be  making  probability  estimates  concerning  his  work 


units  from  start  to  finish  on  each  project  and  that  the  relative 


accuracy  of  those  estimates  will  be  factored  into  future  funding 
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exercises.  In  other  words  the  better  his  estimates  the  higher  the 
probability  that  his  future  estimates  will  be  accepted  at:  face  value. 
The  better  he  estimates  now,  the  higher  his  future  credibility  will  be 
and  thus  the  better  his  chances  of  future  funding.  Figure  1  shows  a 
typical  work  unit  that  was  managed  to  success.  The  vertical  axis  is  the 
probability  of  success.  In  this  case  the  manager's  optimism  was  a 
continually  growing  (higher  probability  of  success)  estimate  with 
passing  time.  The  summation  of  the  area  beneth  the  curve  is  equal  to 
80Z.  Figure  2  shows  a  similar  optimistic  view,  however  this  time  the 
project  failed.  The  area  above  the  curve  was  20Z,  In  the  first  case 
the  manager  was  "80Z:  correct  and  in  the  second  only  "20Z".  These 
percentages  would  then  be  used  to  off-set  over  optimism  in  future  work- 
unit  forecasts. 

IV.  THE  MODEL 

Modeling  of  the  SAMT  resource  allocation  (project  selection) 
problem  must  be  attacked  realistically  from  both  the  top  (SAMT  goals) 
and  the  bottom  (work  units)  simultaneously.  The  J5AMT  goals  are 
established  by  high  level  DOD  personal,  whereas  the  work  unit  resources 
required  for  success  must  be  determined  at  the  project  engineer  level, 
see  Figure  3. 

The  dynamic  computer  simulation  techniques  applied  for  this  effort 
is  Systems  Dynamics  and  uses  the  DYNAMO  Compiler.  In  order  to 
demonstrate  the  capabilities  of  dynamic  simulation  a  small  mini-model 
was  designed  and  executed.  Figure  4  is  a  schematic  of  this  model.  Dr. 
Robert  Barthelemy,  AFWAL/ML  provided  the  data  for  this  test  edition  of 
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Figure  1  -  Accuracy  of  Probability 
Estimates  over  Time 


Figure  2  -  Accuracy  of  Probability 
Estimates  over  Time 
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Figure  3  -  SAMT  Resource  Allocation 
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Figure  4  -  Schematic  of  the  Model 
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Figure  5  -  The  SAMTMOD  Computer  Program 
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Figure  6  is  the  *  ini-mode  I  basic  run.  The  difference  between  the 
desired  capability  and  the  planned,  is  shown  by  the  cross  hatched  area. 
The  period  shortfall  ranges  from  3700  to  100  units.  The  accumulative 
difference  is  230  units. 

Figure  7  shows  the  effects  of  beginning  program  #5  early.  The 
total  differences  vary  from  3600  to  300.  This  shows  an  obvious  improve¬ 
ment  in  overall  measure  of  effectiveness  (MOB).  Starting  this  program 
early  helps  improve  MOB. 

Figure  8  shows  a  reduced  funding  on  program  #5.  The  total  differ¬ 
ence  increases  to  280  and  the  period  difference  from  3700  to  1100. 
Seducing  funds  on  program  #3  reduces  the  MOB. 

Figure  9  shows  the  affects  of  increased  priority.  The  total 
difference  is  193  and  the  period  difference  varies  from  3700  to  minus 
1300  (more  than  required).  The  MOB  is  significantly  altered  by  priority 
change.  Tabular  data  can  be  produced  by  the  model,  but  was  omitted,  due 
to  space  limitations. 

The  model  responds  appropriately.  The  results  are  easily  seen  and 
understood.  This  small  mini-model  demonstrates  the  capabilities  of 
dynamic  modeling. 

This  modeling  technique  given  good  mission  priorities  and  work  unit 


probabilities  can  be  a  significant  aid  to  research  fund  allocation. 
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Figure  6  -  Basic  Run 
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The  importance  of  funding  the  research  that  best  accomplishes  the 
Air  Force  Space  Mission  is  self-evident.  This  report  outlines  a  method¬ 
ology  that  vill  accomplish  this  funding  allocation.  The  methodology  is 
straight  forward,  simple,  and  easy  to  understand.  All  of  this  enhances 
the  probability  that  the  results  vill  be  used  by  Air  Force  decision 
makers . 

This  vork  should  continue.  The  authors  recommend  that  an  actual 
Space  Mission  Model  be  completed  as  soon  as  possible.  This  should  then 
be  validated  and  evaluated.  There  appears  to  be  no  reason  vhy  this 
methodology  could  not  be  expanded  to  the  AFVAL  Missions  the  Air  Force 
Missions,  and  subsequently  to  the  Defense  Department  Mission. 

Research  in  the  area  of  resource  allocation  is  critical  if  the 
Defense  Department  is  to  get  the  "most  bang  for  the  buck"  possible. 
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ABSTRACT 

The  electrical  characteristics  of  an  array  of  gallium  arsenide 
photovoltaic  cells  In  earth  orbit  on  the  Living  Plume  Shield  (LIPS) 
satellite  are  studied  as  a  function  of  time  In  orbit.  A  theoretical 
solar  cell  model  and  least-squares  methods  are  used  to  extract  those 
characteristics  from  current  vs.  voltage  data  corrected  to  one  sun 
and  26*C.  The  decrease  In  electrical  output  of  the  array  is  related 
to  the  equivalent  i  MeV  electron  fluence  required  to  produce  the 
observed  decrease.  Results  for  the  first  172  days  In  orbit  show 
either  that  deterioration  of  the  array  based  on  the  anticipated 
radiation  environment  is  greater  than  expected  c?  that  the  equivalent 
1  MeV  electron  fluence  for  the  orbit  la  about  an  order  of  magnitude 
greater  than  predicted. 
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I.  INTRODUCTION: 


As  a  result  of  its  use  in  a  wide  variety  of  semi-conductor  devices, 
the  technology  of  silicon  is  well  developed  and  solar  cells  of  this 
material  have  proven  to  be  effective  and  reliable.  Photovoltaic  arrays 
of  silicon  solar  cells  have  been  a  primary  energy  source  for  satellites 
for  years.  However,  if  cells  of  higher  efficiency  and  greater  proton 

*  t 

and  electron  radiation  resistance  could  be  developed,  the  weight  of  a 
photovoltaic  array  required  to  supply  a  given  power  at  the  end  of  mission 
life  would  be  reduced  with  a  decrease  in  required  payload  and  an  associated 
cost  savings. 

Gallium  arsenide  (GaAs)  solar  cells  are  known  to  have  theoretical 
and  attainable  efficiencies  substantially  greater  than  those  of  silicon. 
Recent  terrestrial  radiation  experiments  with  1  MeV  electrons1  indicate 
that  at  least  up  to  fluences  approaching  lO1^,  the  resistance  of  GaAs 
cells  to  radiation  damage  is  better  than  that  of  planar  silicon. 

Gallium  arsenide  solar  cell  technology  is  virtually  untested  in 
2 

space.  A  limited  study  on  the  Navigational  Technology  Satellite-2 
(NTS-2)  of  a  single  passive  5-cell  module  of  GaAs  cells  (with  an  AlGaAs 
window)  bore  out  these  expectations  to  some  extent.  However,  the  initial 
efficiency  of  these  cells  was  in  itself  low  (13.6X),  in  the  same  range 
as  that  of  silicon  and  considerably  below  the  efficiencies  which  have 
been  attained  in  limited  laboratory  production  of  GaAs  cells.  Addition¬ 
ally,  the  lifetime  characteristics  and  ability  to  operate  in  a  particular 
radiation  environment  in  space  did  not  match  those  of  certain  textured 
silicon  solar  cells,  for  example. 

An  array  of  300  GaAs  solar  cells  was  launched  with  the  Living  Plume 
Shield  (LIPS)  satellite  under  the  auspices  of  the  Naval  Research  Labora¬ 
tory.  This  array  can  provide  1/6  of  the  electrical  energy  to  the  power  bus 


of  this  satellite.  Sufficient  data  are  acquired  to  generate  a  reasonably 
accurate  current-voltage  (I-V)  curve.  The  active  nature  of  the  array 
coupled  with  the  detailed  knowledge  of  the  voltage  and  current  charac¬ 
teristics  should  provide  the  most  comprehensive  data  to  date  on  the  per¬ 
formance  of  GaAs  solar  cells  in  space. 

II.  OBJECTIVES 

The  broad  purpose  of  this  study  is  to  determine  the  performance  in 
space  of  a  GaAs  photovoltaic  array  and  ultimately  to  compare  this  per¬ 
formance  to  similar  arrays  of  silicon  cells.  The  performance  of  these 
arrays  is  measured  through  the  variation  of  their  electrical  characteristics 
with  time  in  orbit.  Specifically  the  objectives  are: 

1)  From  current  vs.  voltage  data  for  the  LIPS  GaAs  array  supplied 

by  the  Naval  Research  Laboratory  to  compute  the  open-circuit 

voltage  (VQC)»  the  short  circuit  current  (Igc),  maximum  power 

(P  ),  voltage  (V  )  and  current  (I  )  at  maximum  power  and  the 
max  mp  mp 

fill  factor; 

2)  to  develop  computational  tools  (specifically  interactive  com¬ 
puter  programs)  to  facilitate  computation  of  the  array's  electrical 
characteristics  in  view  of  the  large  volume  of  data  which  must 

be  analyzed; 

3)  from  variation  of  the  array's  electrical  characteristics  to 
assess  the  effects  of  electron  and  proton  radiation  damage;  to 
compare  these  results  to  expectations  based  on  terrestrial 
experiments. 

Since  the  radiation  environment  to  which  the  array  is  subjected  is 
uncertain,  estimates  will  be  made  of  the  equivalent  1  HeV  electron 
fluence  which  produces  the  observed  degradation  in  performance. 


These  estimates  will  be  compared  to  the  expected  fluence  for  the  given 
orbit. 


III.  CHARACTERISTICS  OF  THE  LIPS  GaAs  PHOTOVOLTAIC  ARRAY 


The  GaAs  photovoltaic  array  consists  of  300  2  cm  x  2  cm  (nominal) 
cells.  Electrically  these  are  connected  in  12  parallel  banks  of  25 
cells  in  series.  Open  circuit  voltage  of  the  array  approaches  25  volts, 
short  circuit  current  at  air  mass  zero  is  1.2  amperes  and  maximum  power 
at  the  beginning  of  life  is  about  23  watts.  Cells  are  Hughes  Liquid 
Phase  Epitaxy  with  a  junction  depth  n*f  0.5  micron.  The  cells  have  a 
single-layer  anti-reflective  coating  and  a  UV  filter.  They  are 

bonded  to  a  10  mil  fused  silica  coverglass  using  Dow-Corning  DC  93-500 
adhesive. 


IV.  TELEMETRY  DATA  AND  CORRECTIONS 


The  raw  telemetry  data  consist  of  information  from  which  the  sun 
angle  with  respect  to  the  normal  to  the  plane  of  the  array  can  be  de¬ 
termined,  the  array's  temperature,  plus  current  and  voltage  data.  Pro¬ 
vision  is  made  for  measuring  the  projections  (Ofand^S)  of  the  sun  angle 
on  two  perpendicular  planes  which  in  turn  are  perpendicular  tc  the  plane 
of  the  array.  The  sun  angle  can  then  be  computed  from  these  projections. 
Temperature  is  measured  using  a  thermistor  attached  to  the  back  of  the 
aluminum  honeycomb  skin  on  which  the  GaAs  cells  are  mounted.  Sufficient 
current-voltage  pairs  are  measured,  particularly  near  t..e  "knee1'  of  tk?  I-V 
curve,  from  which  a  complete  I-V  curve  can  be  generated  reliably  using 


a  suitable  solar  cell  model. 


Corrections  are  made  to  the  intensity  for  sun  angle  and  (solar) 

orbital  position  to  reduce  all  data  to  air  mass  zero.  Appropriate 

-3  -S 

temperature  coefficients  (-2.04  x  10  volts/C°/cell  and  +  3.01  x  10 

amperes/C°/cell)  are  used  to  correct  the  voltage  and  current  data  to 

28°C. 

The  data  were  scrutinized  to  determine  under  what  sun  angle  condi¬ 
tions  shading  of  the  array  occurs.  There  is  serious  shading  whenever 
angle  30°  for  positive  q£  .  Minor  shadowing  effects  occur  whenever 

-40°.  There  may  be  shading  whenever  Ot  and  jtf  are  both  negative, 
but  the  effect  is  not  pronounced.  There  are  a  few  cases  where  the  short- 
circuit  current  is  anomalously  high.  It  is  not  clear  whether  this  is 
the  result  of  an  enhancement  of  the  solar  intensity  because  of  reflec¬ 
tions  or  just  an  unreliable  measurement.  Such  results  were  isolated 
and  ignored  in  the  data  analysis  as  were  the  cases  where  shading  of  the 
array  was  probable. 

Recommendations  for  modification  of  the  data  corrections  will  be 
made  in  the  final  section  of  this  report. 


V.  DATA  ANALYSIS-PRIMARY  ELECTRICAL  CHARACTERISTICS  OF  THE  GaAs  ARRAY 
The  quality  of  the  performance  of  the  LIPS  GaAs  array  is  determined 
from  the  variation  of  the  electrical  characteristics  with  time  in  orbit. 
The  characteristics  to  be  monitored  include  the  open  circuit  voltage, 
short  circuit  current,  maximum  power,  fill  factor  and  the  voltage  and 
current  at  maximum  power.  While  the  open-circuit  voltage  is  measured 
directly  and  an  excellent  measure  of  the  short  circuit  current  can  be 
obtained  from  the  corrected  telemetry  data,  further  analysis  is  necessary 
to  determine  the  other  quantities.  Even  for  a  series  of  current  and 
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voltage  measurements  during  the  same  orbit  there  are  variations  and 
some  averaging  or  fitting  procedure  is  required.  The  analysis  is 
performed  using  all  the  corrected  data  acquired  in  a  particular  orbit. 
Since  data  can  only  be  obtained  in  real  time  when  the  satellite  is  in 


range  of  the  receiving  station  a  series  of  measurements  is  taken  in 
only  a  few  minutes.  Using  a  simple  solar  cell  model,  a  least-squares 
fit  is  made  to  all  these  current-voltage  data.  From  this  least-squares 
fit,  the  required  electrical  parameters  are  easily  computed. 

VI.  SOLAR  CELL  MODEL 

An  equation  which  describes  realistically  the  relation  between 

3 

current  and  voltage  for  a  solar  cell  is 

I  =  IL  -  IQ  (exp  [q  (V  +  IRg)/nKT]  -  l)  -  (V  +  IR$)/RSH  O) 

where  I  is  the  current, 

V  is  the  voltage, 

q  is  the  charge  of  the  current  carriers, 

IL  is  the  light-generated  current, 

Iq  is  an  effective  saturation  current, 
n  is  a  constant  sometimes  referred  to  as  the  "curve"  or 
"quality"  factor, 
k  is  Boltzmann's  constant, 

T  is  the  Kelvin  temperature, 

Rg  is  the  series  resistance  and 


Rg^  is  the  shunt  resistance. 


For  our  purposes  the  shunt  resistance  and  series  resistance  are  neglected. 


The  actual  equation  used  to  fit  the  LIPS  data  then  has  the  form 


V- 


Here  the  are  made  free  parameters.  These  are  adjusted  to  obtain 
the  best  fit  to  the  current-voltage  data  as  will  be  described  in  more 
detail  in  the  following  section. 

Note  that  is  the  short-circuit  current.  The  open-circuit  voltage 
is  obtained  from  equation  (2)  for  1=0 


The  power  is  obtained  as  the  product  of  equation  (2)  and  the  voltage. 
Maximum  power  is  determined  by  taking  the  derivative  of  the  power  equa¬ 
tion  with  respect  to  V  setting  the  result  equal  to  zero  and  solving 
for  the  voltage  at  maximum  power.  The  result  is: 


which  is  easily  solved  by  iteration.  Equation  (2)  is  used  to  find  the 
current  at  maximum  power  and  the  maximum  power  itself  is  simply  V  1^. 

VII.  LEAST-SQUARES  FIT  TO  THE  EXPERIMENTAL  DATA 

Equation  (2)  is  non-linear  in  parameter  P^.  As  a  result,  special 
fitting  techniques  using  an  iterative  approach  with  initial  parameter 
estimates  are  required.  It  is  especially  Important  to  have  a  good 
initial  estimate  of  P^  because  of  the  exponential  dependence.  Gradient 
or  steepest  descent  procedures  move  rapidly  toward  a  best  fit,  but  do 
poorly  in  "fine-tuning"  the  parameters  near  optimum.  An  optimum  fit 
is  defined  as  a  chi-squared  minimum,  where  chi-squared  is  a  measure 
of  the  deviations  between  the  experimental  and  computed  currents. 
Linearization  methods  involving  a  Taylor  expansion  of  the  fitting 
function  work  well  close  to  a  chi-squared  minimum,  but  they  can  fail 
completely  if  initial  parameter  estimates  are  poor. 
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The  Levenberg-Marquardt  algorithm  attempts  to  combine  the  best 
features  of  both  methods.  The  changes  in  the  parameters  to  move  to  a 
chi-squared  minimum  are  determined  from  both  the  gradient  and  lineari¬ 
zation  procedures.  A  larger  proportion  of  the  former  is  used  when  far 
from  a  chi-squared  minimum.  Of  course  the  reverse  is  true  as  an  optimum 
fit  is  approached. 

Subroutine  packages  are  available  for  performing  the  required  fits, 
b'.t  they  tend  to  be  cumbersome  in  their  application.  Simpler  procedures 
and  programs  were  adapted  from  Bevington^. 

A  typical  fit  to  experimental  data  from  the  LIPS  array  is  shown  in 
Figure  1.  The  quality  of  the  fit  is  quite  good.  There  is  one  minor 
flaw  in  the  analysis.  Since  the  procedure  minimized  deviations  in  the 
current,  it  tends  to  weight  more  heavily  the  data  closer  to  Vqc  where 
a  small  error  in  voltage  will  produce  a  relatively  large  current  change. 
As  a  result,  the  short  circuit  current  is  often  lower  than  any  measured 
value  by  5-10  mA. 

The  tic  on  the  figure  marks  the  maximum  power  point.  This  and  all 
other  required  electrical  characteristics  of  the  array  are  computed 
from  the  fitted  curve  and  displayed  In  the  output. 

VIII.  ELECTRICAL  PROPERTIES  OF  THE  LIPS  GaAs  ARRAY  VS.  TIME  IN  ORBIT 

Figure  2  Illustrates  the  variation  of  the  short-circuit  current  and 
maximum  power  with  time  in  orbit  for  the  LIPS  GaAs  array.  The  open 
circuit  voltage  is  not  plotted  since  fluctuations  mask  any  observable 
trend.  The  same  is  true  for  the  fill  factor.  These  values  are  24.4  ± 


0.1  volts  and  0.773  t  0.006,  respectively.  The  quoted  uncertainties 
are  standard  deviations  from  the  mean.  The  variations  in  the  voltage 


and  current  at  maximum  power  tend  to  exhibit  the  same  behavior  as  the 
open  circuit  voltage  and  short-circuit  current,  respectively.  Unfortu¬ 
nately  the  satellite  was  not  in  range  of  the  receiving  station  while  in 
the  sunlight  early  after  launch.  Hence  there  are  no  data  until  AO  days 
in  orbit.  For  similar  reasons,  there  are  no  data  from  about  day  80  to 
day  120.  (Actually  data  were  acquired  from  day  100  to  day  120,  but  the 
array  always  experienced  some  shading  during  this  period.) 

While  it  may  be  hazardous  to  extrapolate  the  data  to  zero  time,  this 
is  necessary  to  assess  the  effects  of  radiation  damage.  This  extrapola¬ 
tion  gives  a  zero  time  short-circuit  current  of  about  1.2A  amperes  and 
a  maximum  power  of  23.6  watts.  Beginning  of  life  (BOL)  laboratory 
measured  values  are  1.28  amperes  and  more  than  24.5  watts.  On  day  172, 
the  short  circuit  current  is  1.134  amperes  and  the  maximum  power  is  21.3 
watts.  The  drop  in  short  circuit  current  is  about  8.5Z  and  that  in  the 
maximum  power  is  about  9.7Z.  The  estimated  effect  of  adhesive  darkening^ 
for  the  time  in  orbit  (about  4000  hours)  is  2.5%  for  the  short-circuit 
current.  (The  effect  on  the  maximum  power  should  be  approximately  the 
same.)  It  will  be  assumed  that  the  residual  deterioration  in  the 
electrical  properties  (about  61  for  the  short-circuit  current  and  7% 
for  the  maximum  power)  is  caused  by  direct  radiation  damage  to  the  cell. 

The  1  MeV  electron  fluence  to  produce  this  damage  as  determined  in  terres- 
1  14  2 

trial  experiments  is  ^1.5  x  10  electrons/cm  .  While  cover  glasses 

on  the  GaAa  cells  used  in  these  experiments  were  12  mils  thick,  whereas 

those  on  LIPS  were  10  mils,  this  difference  should  not  alter  substantially 

the  interpretation  of  the  results. 

The  LIPS  orbit  is  600  nm  circular  inclined  at  63*.  The  equivalent 

1  MeV  electron  fluence  for  172  days  in  this  orbit  assuming  infinite  back- 
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shielding  and  a  10  mil  cover  glass  is  1.9  x  10  electrons/cm  for  P 

max 

and  1.2  x  101*  electrona/cm*  for  I#(;7.  This  is  about  an  order  of  magni- 


92-11 


and 


tude  smaller  than  that  determined  from  the  deterioration  in  P 

max 

1  .  Several  factors  should  be  kept  in  mind  in  comparing  these  fluence 
s  c 

estimates.  Virtually  all  the  damage  in  orbit  is  the  result  of  proton  bom¬ 
bardment.  The  equivalent  1  MeV  electron  fluences  given  in  Reference  7  are 
for  silicon,  not  gallium  arsenide.  The  terrestrial  measurements  of  radia¬ 
tion  damage^  used  1  MeV  electrons  and  fluences  of  10*\  10^  and  10^ 

2 

electrons/cm  .  Experiments  were  performed  at  each  fluence  using  tempera¬ 
tures  ranging  from  -20°C  to  200°C.  There  is  evidence**  that  annealing  of 
the  radiation  damage  begins  to  occur  at  200°C.  Thus,  these  terrestrial 
experiments  may  underestimate  the  damage  occurring  at  a  particular  electron 
fluence. 

From  the  deterioration  of  silicon  cell  properties  Reference  2  estimates 

the  annual  fluence  in  a  20,000  km  circular  orbit  inclined  at  63°  to  be 
14  2 

2  x  10  electrons/cm  a  factor  of  five  higher  than  that  given  in  Reference 
7.  While  this  is  a  vastly  higher  orbit  than  that  for  LIPS  and  the  radiation 
consists  mainly  of  electrons,  possibly  similar  discrepancies  may  exist  in 
the  effects  of  proton  radiation  for  the  lower  orbit. 

The  data  trends  in  Figure  2,  particularly  for  the  short-circuit  current 
are  of  some  concern.  The  data  drop  rapidly  with  time  until  day  80  when  the 
satellite  is  no  longer  in  a  position  to  transmit  reliable  daytime  data. 

There  is  an  apparent  leveling  off  between  days  80  and  120  with  the  decrease 
continuing  at  virtually  the  same  rate  after  day  120.  There  is  no  reason 
to  believe  that  between  days  80  and  120  any  known  damage  mechanism  has 
been  suppressed  nor  that  inordinately  high  temperatures  and  associated 
annealing  occurred. 

It  may  be  argued  that  the  scale  on  which  the  data  are  plotted  is  quite 
fine  (each  major  division  is  only  about  2%  of  the  values)  and  that  the 
apparent  trends  may  still  result  from  scatter  in  the  data.  This  does 


not  appear  likely  for  the  short-circuit  current.  Additional  data  later 
in  satellite  life  may  resolve  this  difficulty. 

IX.  RECOMMENDATIONS 

Some  improvement  in  the  reliability  of  the  analysis  presented  here 
could  be  obtained  by  improving  the  analytical  tools  and  the  ingredients 

r 

of  those  tools.  A  detailed  study  of  the  BOL  current  data  suggests  that 
the  temperature  coefficient  for  the  current  is  low.  This  study  indicates 
that  a  coefficient  of  3.9  (+0.4)  x  10  ^  amperes/cell/C°  is  more  consistent 
with  BOL  data  than  the  value  presently  in  use.  Intensity  corrections 
to  the  voltage  are  not  often  made  since  the  logarithmic  dependence  is 
deemed  not  to  be  significant.  However,  on  the  high  side  of  the  knee 
of  the  I-V  curve  small  voltage  variations  produce  large  current  changes. 

The  correction  can  make  a  difference  of  a  few  tenths  of  volts  in  the  open 
circuit  (and  other)  voltages  similar  in  magnitude  to  the  observed  fluctua¬ 
tions.  The  suggested  intensity  correction  to  voltage  derived  from  our 
solar  cell  model  and  BOL  data  is 
AV  «  -2.05  x  10“4  T  In  (H) 
where  AV  is  the  voltage  correction  in  volts/ceil, 

T  is  the  Kelvin  temperature  and 

H  is  the  solar  intensity  in  suns,  resulting  from  the  effects  of  the 
sun  angle  and  the  earth's  position  in  solar  orbit. 

This  correction  is  in  good  agreement  with  BOL  experimentally  measured 
values  in  Reference  1.  These  corrections  are  to  be  made  to  raw  data 
acquired  at  the  Naval  Research  Laboratory. 

The  series  resistance  has  been  neglected  in  the  solar  cell  model 
used  here.  This  can  be  included  without  difficulty  if  voltage  rather 
than  current  is  made  the  Independent  variable.  The  series  resistance 
is  expected  to  increase  with  increasing  radiation  damage. 


Little  is  known  of  the  effects  of  proton  radiation  in  GaAs  cells. 
Experiments  to  determine  the  variation  of  macroscopic  cell  properties 
and  microscopic  damage  which  occurs  as  a  result  of  proton  irradiation 
would  be  extremely  helpful  in  assessing  the  performance  of  GaAs  cells 
in  the  radiation  environment  of  space. 

The  LIPS  satellite  uses  5  silicon  photovoltaic  arrays.  If  data  are 
available,  the  variation  in  the  properties  of  these  Si  arrays  should  also 
be  studied.  Radiation  damage  effects  for  Si  are  better  known  than  for 
GaAs.  By  comparison  the  effects  in  Si  could  shed  light  on  the  character 
of  the  radiation  to  which  the  GaAs  array  is  subjected  and  on  the  reasons 
for  the  degradation  in  the  characteristics  of  the  GaAs  cells. 
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FIGURES 

1.  Figure  1  -  Representative  current  vs.  voltage  data  for  the  LIPS  gallium 
arsenide  photovoltaic  array  and  least-squares  fit. 

2.  Figure  2  -  Short  circuit  current  and  maximum  power  vs.  time  in  orbit  for 
the  LIPS  gallium  arsenide  photovoltaic  array. 
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This  paper  summarizes  some  of  the  problems  encountered  when  a  linear 
model  Is  constructed  from  a  large  set  of  potential  regressor 
variables*  Limitations  imposed  on  the  multiple  regression  coef¬ 
ficient  by  survey  data  are  discussed*  The  problem  of  multicol 
linearity  is  reviewed*  A  method  of  selecting  a  set  of  regressor 
variables  and  simultaneously  identifying  multlcolllnearities  is  pre¬ 
sented  through  an  example* 
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I.  INTRODUCTION 

The  research  applications  staff  of  the  Leadership  and 
Management  Development  Center  (LMDC)  at  Maxwell  Air  Force  Base, 
Alabama,  is  charged  with  the  task  of  statistical  analysis  which 
identifies  trends,  relations  and  differences  among  many  of  the 
variables  that  are  connected  to  the  ultimate  goals  of  the  United 
States  Air  Force  (USAF).  This  task  is  in  direct  support  of  the 
ultimate  goal  of  the  Air  University  which  is  to  enhance  USAF 
leadership  and  management  effectiveness. 

For  the  purpose  of  achieving  its  objectives,  LMDC  has  developed 
several  instruments  (survey  tools).  Among  these  are  the 
Organization  Assessment  Package  (OAP),  Supplemental  Survey  #1  (Combat 
Motivation)  and  Supplemental  Survey  #2  (Spouse  Views).  The  OAP  con¬ 
tains  109  items,  Supplemental  Survey  #1  contains  56  items  and 
Supplemental  Survey  #2  contains  73  items.  For  each  survey  tool, 
each  nondemographic  response  Item  is  limited  to  a  choice  of  one  out 
of  seven  possible.  LMDC  has  a  large  data  base  on  each  survey  tool, 
the  largest  being  on  the  OAP. 

In  order  for  the  research  staff  to  make  sound  recommendations 
through  an  appropriate  analysis  of  the  available  data  base,  it  is 
necessary  to  identify  and  analyze  relationships  among  the  variables 
on  which  data  has  been  collected.  Specifically,  there  Is  an 
Interest  in  the  development  of  a  best  possible  linear  model.  Such  a 
model  should  contain  the  variables  that  have  the  greatest  Influence 
on  a  particular  target  variable.  Also,  when  assessing  this 
Influence,  comments  In  this  paper  are  expected  to  serve  as  a 
reminder  of  limitations  Imposed  on  the  statistical  evaluation  of  the 
model  by  the  data  set.  Additionally,  one  should  be  aware  of  pre¬ 
cautions  that  should  be  taken  In  order  to  ensure  that  standard  sta¬ 
tistical  procedures  used  to  evaluate  the  model  are  not  misused  or 
misinterpreted.  For  example,  one  of  the  criteria  used  to  evaluate 
the  quality  of  a  prediction  equation  is  the  value  of  the  multiple 
regression  coefficient  R  or  Its  square,  R*.  It  is  known  that  the  r2 
value  Is  Inflated  when  one  attempts  to  apply  a  stepwise  variable 
selection  procedure  to  a  regression  problem  where  the  sample  size  is 
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smaller  than  the  number  of  potential  variables.  Rencher  and  Pun 
(1980)  observed  this  property  and  also  evaluated  some  distribution 
properties  of  r2. 

It  is  also  known  that  data  collected  by  survey  tools  tend  to 
have  a  large  number  of  repeats.  (i.e.,  one  variable  constant  while 
the  other  variable  varies.)  These  repeats  impose  restrictions  on 
the  value  of  R^.  Thus  any  large  R^  value  obtained  from  a  data  set 
with  a  large  number  of  repeats  should  be  suspect. 

At  this  stage  of  the  linear  model  construction  at  LMDC, 
researchers  have  identified  several  dependent  variables  for  which 
they  would  like  to  identify  good  predictor  variables.  For  each  of 
the  dependent  variables,  they  also  have  a  good  idea  as  to  which 
variables  may  be  good  predictors.  However,  when  the  number  of 
variables  is  large,  one  always  wonders  if  perhaps  some  important 
variable  has  been  left  out.  Furthermore,  often  times  a  set  of 
regressor  variables  may  be  highly  intercorrelated  (a  situation  known 
as  aultlcolllnearlty).  Even  if  pairwise  correlations  are  not  large, 
multlcolllnearlty  may  still  exist  among  the  variables. 

When  multlcollinearlty  is  present,  the  classical  method  of 
multiple  regression  is  unreliable.  That  is,  regression  coefficients 
are  unstable  from  sample  to  sample.  For  example,  one  sample  may 
generate  a  regression  coefficient  whose  value  is  negative  and  yet 
another  sample  may  produce  a  positive  value  for  that  same  coef¬ 
ficient.  Any  model  exhibiting  this  behavior  Is  useless.  In 
fact,  it  is  highly  possible  that  the  presence  and  ill-effects  of 
multlcolllnearlty  (if  not  checked)  may  go  completely  unnoticed* 
Hence,  as  an  intermediate  step  for  the  construction  of  a  linear 
model  from  a  large  set  of  potential  variables,  it  Is  recommended 
that  exploratory  tools  be  applied  to  a  preliminary  sample.  The 
application  of  such  tools  allows  the  researcher  to  select  predictor 
variables  and  simultaneously  identify  mult icolllnearitles* 

Finally,  a  few  words  of  caution  is  in  order  here.  First, 
exploratory  tools  should  not  be  allowed  to  replace  a  researcher's 
insight  nor  any  well  establiihed  statistical  tools.  Instead,  they 
are  to  serve  as  an  auxiliary  t>  existing  tools  and  the  researcher's 
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knowledge*  As  pointed  out  by  Hawkins  (1973)  and  Baskerville  and 
Toogood  (1982),  an  exploratory  method  will  expose  the  underlying 
structure  of  all  variables  involved  in  an  investigation,  thus,  per¬ 
mitting  the  construction  of  a  best  possible  linear  model* 
Secondly,  since  survey  research  never  completely  satisfies  the 
assumptions  of  the  linear  model,  statistical  inference  should  be 
interpreted  with  care.  Nonetheless,  the  study  of  linear  rela¬ 
tionships,  even  for  survey  data,  is  a  very  effective  way  of  allowing 
the  researcher  to  understand  patterns  and  trends  in  the  data. 

II.  OBJECTIVES 

Procedures  for  estimating  the  regression  coefficients  in  a 
multiple  regression  problem  are  well  established.  As  pointed  out  in 
the  introduction,  sample  size,  repeats  in  the  data  and  multicolli- 
nearity  may  inhibit  the  effectiveness  of  the  application  of 
established  regression  procedures.  Therefore,  specific  objectives 
for  this  project  are  to: 

(1)  Identify  the  best  technique,  based  on  the  available  data, 
for  constructing  a  multiple  regression  model. 

(2)  Provide  theoretical  support  for  the  technique  recommended 
In  objective  (1). 

(3)  Recommend  a  variable  selection  technique. 

in.  THE  GENERAL  LINEAR  MODEL 
Basic  Properties  of  a  Linear  Model 

For  the  purpose  of  conciseness,  completeness  and  convenience, 
the  basic  properties  of  the  linear  model  will  be  presented  through 
the  use  of  vectors  and  matrices.  Furthermore,  a  global  picture  of 
mult lcolll near lty  can  be  better  presented  through  the  matrix  repre¬ 
sentation  than  through  any  alternate  approach. 

To  develop  the  essential  properties  of  the  linear  model,  we  let 

y  be  the  dependent  variable  and  x1#  x2 . .  be  the  independent 

variables.  (Independent  variables,  regressor  variables  and  predic¬ 
tors  will  be  used  Interchangeably.)  It  is  assumed  that  a  linear 
relationship  exists  between  the  variable  y  and  the  variables  X},  x2 
.  xp.  The  mathematical  form  of  this  assumption  is 
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y  ■  b0  +  bixi  +  ...  +  bpXp  (1) 

where  bQ  Is  the  constant  term  and  bi  (i>o)  is  the  numerical  coef¬ 
ficient  of  x^.  At  the  outset  of  the  construction,  the  values  of  bQ, 
bi,  ...»  bp  are  unknown  and  must  be  estimated  from  sample  data. 

Let  us  also  assume  that  there  are  n  observations  on  the 
variables  y,  x^,  x2,  ...,xp.  Substituting  these  n  observations  into 
the  assumed  model  in  (1),  one  gets 
observation  1  Yl  “  b0  +  b]xn  +  . . .  +  bpxip 

observation  2  y2  -  b0  +  bix21  +  ...  +  bpxip 

(2) 


observation  n  yn  -  b0  +  bixni  +  ...  +  bpxnp 

An  alternate  matrix/vector  representation  of  the  above  observations 
Is 


1 


1  xn  ...  xip  b0 

1  X21  ...  X2P  bl 


Knp  • 


. .  x 


np 


(3) 


>1 

y2 


Where  Y  «  I  . 


is  the  nxl  vector  of  observations 


Yn 


on  the  dependent  variable  y, 


X 


1  %n  ...  xip 
1  X21  •••  x2p 


is  the  nxp  matrix  of 


jj1  *01  •  •  *  xnpJ 

observations  on  the  Independent  variables  xi,  x2,  . .., 


Xp  and 


le  the  vector  of 


i 


B 


bl 


coefficients  to  be  estimated  from  the  observed  data.  When  Y,  X  and 
B  are  substituted  Into  equation  (3),  it  becomes 


Y  -  XB  (4) 
For  the  purpose  of  any  inferential  statistical  analysis,  the  set-up 
in  (1)  is  represented  by 


y±  m  bo  +  bl*li  +  •••  hpXpi  +  (5) 

where  represents  the  random  error  in  the  1th  observation  and 
hence  the  corresponding  set-up  in  (4)  becomes 


where  E  ■ 


El 

E2 


Y  -  XB  +  E 


is  an  nxl  error 


(6) 
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vector.  When  (6)  is  used,  it  is  also  often  assumed  that  the 

variance  of  B  is 

v«r  (E)  -  a  *1  (7) 

where  I  is  an  nxn  Identity  matrix,  E_  has  the  multivariate  normal 
distribution  and  o?  is  positive.  However,  these  additional  assump¬ 
tions  are  necessary  only  if  we  are  interested  in  the  development  of 
statistical  distributions.  This  paper  does  not  focus  in  that  direc¬ 
tion. 

It  is  also  worthwhile  to  remark  here  that  many  users  will  stand¬ 
ardise  the  values  in  both  vector  Y  and  matrix  X.  Under  standard¬ 
isation,  the  column  of  ones  in  matrix  X  will  disappear.  The 

column  of  ones  disappears  because  under  standardisation,  the 
constant  term  b0  in  (1)  disappears.  Nevertheless,  tdiether  the 
observations  are  standardised  or  not,  the  basic  set-up  in  (4)  or  (6) 


remains  the  same.  That  is,  if  the  observations  are  not  standardized, 
Y  and  matrix  X  contain  the  original  observations.  If  the  obser¬ 
vations  are  standardized,  the  vector  Y.  and  matrix  X  contain  the 
standardized  observations  with  vector  IJ  being  -  [b^,  b2,  ...,bp] 
in  case  of  standardization.  (B^  represents  the  transpose  of  vector 
B). 

For  the  actual  computation  of  the  values  in  vector  B^  we  refer 
to  equation  (5)  or  (6).  From  (6),  we  see  that  £  *  Y  -  XB  and 

-  ( Y  -  XB)1  (Y  -  XB)  (8) 

which  is  the  sum  of  the  squared  error  in  the  dependent  variable  y. 
The  computed  values  of  j3  are  the  values  that  will  minimize  (8).  The 
application  of  partial  differentiation  to  (8)  [See  Graybill,  (1976) 
for  theoretical  details]  shows  that  (8)  is  minimized  when  IJ  * 
(X1X)"^  X*Y.  For  the  purpose  of  clarity,  we  call  B  the  unknown 

A  -  a 

values  of  the  coefficients  and  B^  the  estimate  of  B>.  Therefore,  B. 
is  the  actual  vector  of  values  computed  from  the  observed  values  in 
vector  Y  and  matrix  X. 


Hence,  £  -  (Xlx)'l  Xl*  (9) 

Additional  expression?;  in  the  matrix  notation  are  as  follows: 
[See  Graybill  (1976)  for  details.] 

Variance  of  the  components  of  B  *  (xlx)~*o  ^  (10) 

Vector  of  estimated  values  of  y  «  $  »  XB  (11) 

Sum  of  squares  due  to  regression  -  ^IxlY  (12) 

Total  sum  of  squares  ■  YlY 

Residual  sum  of  squares  ■  Yl£  -  jlxVf  (13) 


Expressions  (9)  throughout  (13)  are  Included  for  easy  reference  in 
later  developments. 

Objectives  of  the  Linear  Model 

The  general  linear  model  and  its  theory  are  used  to  justify  a 
large  class  of  statistical  tools.  For  example,  tools  of  analysis  of 
variance,  covariance  analysis,  path  analysis,  among  others  are 
justified  through  the  theory  of  the  linear  model.  Although  the 
linear  model  can  be  applied  to  a  large  class  of  problems.  Draper  and 
Smith  (1981,  page  412)  have  identified  three  major  types  of  mathema- 
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tical  models.  They  are: 

(1)  The  functional  model 

(2)  The  control  model 

(3)  The  predictor  model 

Of  these  three,  Draper  and  Smith  raised  doubt  as  to  whether  models 
(1)  and  (2)  can  be  achieved  through  regression  alone.  Nevertheless, 
we  will  Identify  the  above  as  three  major  objectives  of  the  linear 
model.  In  fact,  researchers  at  LMDC  have  expressed  Interest  In  the 
best  possible  model  so  that  testable  hypotheses  can  be  formulated  on 
the  degree  of  control  one  may  exercise  over  the  dependent  variable 
by  manipulating  the  Independent  variable (s). 

Influence  of  Repeat  Runs  on  R^. 

To  evaluate  the  Influence  of  repeat  observations  on  R?,  we  use 
an  approach  presented  by  Draper  and  Smith  (1981).  Suppose  we  are 
interested  in  establishing  a  simple  regression  equation  of  y  on  x. 
Let  there  be  n  observations  on  variables  y  and  x.  Of  the  n  obser¬ 
vations  on  x,  suppose  that  only  m  (<n)  of  them  are  distinct.  That 
Is,  for  the  distinct  x  value 

*1,  there  are  ni  observations  on  y; 

xj,  there  are  n2  observations  on  y; 

Xj,  there  are  nj  observations  on  yj 

xa,  there  are  0^  observations  on  y. 

In  general,  for  each  distinct  xj,  there  are  nj  different  obser¬ 
vations  on  y  and  hence  we  say  that  the  data  set  contains  repeats  at 
xj  and  nj  ■  n. 

L«t  y jjt  -  repeat  observations  at  xj  where  k  -  1,  2 . nj. 

The  residual  at  any  xj  is  yjfc  -  where  yj  Is  the  estimated  value 
of  y  at  xj  and  yj^  Is  the  observed  value.  By  adding  yj  -  y j  the 
residual  at  x<  becomes 


yjk  ~  $j  -  (y jit  -  yj)  -  (yj  -  yj). 


where  7j  Is  the  mean  of  the  repeats  at  Xj. 

Squaring  both  sides  of  (14)  and  applying  the  appropriate  summations. 


me  get 


U  <*jk  -  $j>2  •  lH* jk  -  yj)2  +  i«i(yj  -  yj>2 


The  left  side  of  (15)  is  the  residual  sum  of  squares  and  the  two 
terms  on  the  right  side  partition  the  residual  sum  of  squares  into 
pure  error  sum  of  squares  (PSSE)  and  a  lack  of  fit  sum  of  squares 
(LFSS).  That  is,  PSSE  -  H  (ylk  -  yj)2  and  LFSS  -  Vnj  (yj  -  yj)2  is 
the  error  for  which  no  model,  be  it  linear  or  otherwise,  can 
account.  Therefore,  when  repeats  exist  in  a  data  set,  the  maximum 
value  of  R2  -  1  cannot  be  attained.  That  is, 

r2  -  i  -  PSSE  +  LFSS  (16) 

TSS 

where  TSS  *  total  sum  of  squares. 

If  PSSE  j*  0,  no  matter  the  value  of  LFSS,  R2  <  1.  Hence  an  R2  0f  1 
cannot  be  achieved  if  the  data  set  contains  repeats. 

In  a  regression  analysis  where  repeats  appear,  it  may  be  help¬ 
ful  to  know  the  value  of  the  maximum  attainable  R2  value,  denoted 
max  R2,  for  a  particular  data  set. 

To  compute  this  max  R2  value,  recall  that  PSSE  remains  unchanged  no 
matter  what  model  is  fitted  to  the  data.  Therefore, 

Max  R2  -  TSS  -  PSSE  .  (17) 

TSS 

It  should  be  kept  in  mind  that  the  max  R2  value  is  data  dependent* 
If  there  are  uo  repeats,  PSSE  -  0  and  max  R2  -  1.  However,  for  the 
LMDC  data,  repeats  are  almost  assured  after  the  seventh  observation 
on  any  pair  of  variables. 

Since  the  R2  value  of  (16)  was  computed  for  a  simple 
regression,  Ihe  absolute  value  of  the  correlation  for  the  x  and  y 
variables  is  (R2)V2.  Hence  the  absolute  value  of  the  maximum 
achievable  correlation  between  two  variables  is  (max  R2)1^  where  max 
R2  is  given  in  (17). 

The  reader  may  have  observed  that  the  partition  in  (15)  Is 
somewhat  similar  to  the  partition  for  the  total  sum  of  squares  in  a 
one-way  analysis  of  variance.  Actually,  if  one  is  Interested  in 
computing  max  R2  for  a  simple  regression  of  y  on  x  where  x  has  m 
distinct  values  and  repeats  are  available,  variable  x  can  be  ttxnight 
of  as  a  single  factor  with  a  levels.  (For  LMDC  data  n<7.)  Thus  the 
analysis  of  variance  set-up  gives  PSSE  as  the  within  cell  sum  of 


squares*  Therefore,  from  a  one-way  ANOVA  table,  max  R2  is  easily 
computed* 

In  a  similar  manner,  max  R2  for  the  multiple  regression  problem 
can  be  computed*  For  example,  suppose  one  is  Interested  in  com¬ 
puting  a  max  R2  for  the  multiple  linear  regression  of  y  on  variables 
X2  and  X3* 

The  values  TSS  and  PSSE  are  easily  computed  by  a  computer  statistics 

package,  say  SPSS,  by  using  a  three-way  ANOVA  where  xj.,  X2  and  X3 

are  the  factors  and  each  of  the  factors  has  m  levels. 

Here  max  R2  -  TSS  -  PSSE  where  PSSE  is  the  pooled  within  cell  sum  of 
TSS 

squares* 

It  is  worthwhile  to  remark  he  e  that  the  ratio  (actual  value  of 
*2)/(««c  K2)  give*  some  measure  of  how  well  the  model  fits  when  com¬ 
pared  to  its  potential*  Max  R2  is  its  max  potential. 

The  Problem  of  Mult lcol linearity* 

The  symptoms  of  multlcollinearlty  may  take  many  forms.  Some 
are  listed  in  Nle  et.al  (1975).  However,  one  may  use  a  systematic 
approach  to  determine  the  existence  of  col  linearity  in  a  set  of 
variables • 

The  first  look  at  the  concept  of  multlcollinearlty  will  be  pre¬ 
sented  through  the  use  of  a  four  Independent  and  one  dependent 
variable  regression  problem.  That  is,  consider  the  linear  equation: 

y  *  bQ  +  bixi  +  b2X2  +  b3x3  +  b4x4.  (18) 

Furthermore,  suppose  it  is  known  that  X2  +  2x3  +  *5x4  -  0.  In  this 
case  we  say  that  there  is  an  exact  collinearlty  involving  the  inde¬ 
pendent  variables  X2,  x3  and  x4  and  hence  one  vsrlable  can  be 
expressed  as  a  linear  combination  of  the  other  two*  This  means  that 
at  least  one  of  variables  X2,  X3  or  X4  can  be  eliminated. 

When  exact  collinearlty  exists,  from  a  mathematical  point  of 

vlr*7,  It  makes  no  difference  which  variable  is  removed.  However, 

the  researcher  may  have  a  preference  as  to  which  variable  should  be 
removed*  For  example,  since  it  is  known  that  xj  +2x3  +  .5x4  *  0,  we 
get  x2  “  ~2*3  " 

Hence  the  equal  for  X2  can  replace  X2  in  equation  (18).  After 
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substitution  and  simplification,  equation  (18)  becomes 
7  *  c0  +  e]Xi  +  C3X3  +  C4X4  where  c0,  ci,  C3  and  C4  are  the  new 
coefficients  obtained  by  the  substitution  process*  The  reader 
should  observe  that  either  variable  X3  or  X4  also  could  have  been 
eliminated* 

In  most  applied  problems,  It  Is  unusual  for  exact  multicolll- 
nearlty  to  exist*  That  Is,  Instead  of  exact  coiltnearlty.  a  case  of 
"near  colllnearlty"  exists.  From  the  example  In  (18),  ve  may  say 
that  a  near  colllnearlty  exists  between  variables  X2,  x3  and  X4  If, 
say,  *2  +  2x3  +  *5*4  I*  near  When  it  la  determined  that  this 

linear  combination  Is  near  zero,  we  may  say  that  colllnearlty  exists 
and  at  least  one  variable  can  be  eliminated  by  equating  the  linear 
combination  to  zero  and  proceeding  as  though  an  actual  exact  colli- 
nearlty  sxitts*  Here  again,  mathematically,  the  elimination  process 
Is  straight  forward  but  the  actual  Identification  of  a  colllnearlty 
may  not  be  clear-cut. 

The  mechanics  of  Identifying  variables  Involved  In  a  mult  1- 
colllnearlty  can  be  more  compactly  presented  through  matrices.  This 
Is  particularly  true  when  a  large  number  of  potential  regressor 
variables  are  involved.  This  treatment  Is  provided  In  the  next  sec¬ 
tion. 

How  to  Detect  Mult Icolllnearl t 


A  researcher  using  regression  analysis  needs  methods  of  deter¬ 
mining  when  mult Icolllnearl ty  Is  present.  By  using  the  matrix  nota¬ 
tion  given  in  III. I,  we  recall  that  (XlX)B  -  X^  or  B  -  (X^XJ-^Mr. 
Also  recall  that  If  the  original  data  set  ii  -tandardlzed,  XlX  Is 
the  correlation  matrix  for  the  Independent  variables.  For  the 
sequel  that  follows.  It  is  assumed  that  the  data  Is  standardized. 

To  determine  If  mult lrollinea? ity  is  present,  one  may  examine 
the  diagonal  of  (XlX)“l.  If  there  Is  a  large  eleme  nt  on  the  diago¬ 
nal  of  (XlX)~l  then  this  Is  an  Indication  chat  the  associated 
variable  Is  Involved  In  a  mult Icolllnearl ty.  Alternately,  matrix  X^X 
can  be  factored  such  chat 

X*X  -  Tl  AT  (19) 

where  T  Is  a  matrix  of  eigenvectors,  A  Is  a  diagonal  matrix  con- 


taining  the  eigenvalues  of  X^X  along  its  diagonal  and  denotes  the 
transpose  of  matrix  T.  Let  vector  t^  be  the  ith  eigenvector  of  X*X 
(ith  column  of  T)  and  let  X  i  be  the  associated  eigenvalue* 
According  to  Massey  (1965),  the  linear  combination  tjx  where  x  is 
some  vector  of  the  independent  variables,  represents  a  multicolli- 
nearlty  if  X i  is  small.  (Criteria  for  judging  smallness  will  be 
given  in  section  IV). 

Another  alternate  indicator  of  the  presence  of  raulticolli- 
nearity  is  the  determinant  of  matrix  X*X,  denoted  det  (X^X).  If  det 
(XX)  is  small,  then  there  is  a  possibility  of  collinearity. 
However,  the  reader  should  be  reminded  that  in  equation  (9),  it  is 
implicitly  assumed  that  n  >  p,  where  n  is  the  number  of  observations 
and  p  is  number  of  variables.  If  n  <  p,  then  det  (X*X)  is  exactly 
zero  and  hence  (X^X)“1  does  not  exist.  Thus,  when  attempting  to 
estimate  regression  coefficients,  we  should  be  certain  that  the 
number  of  observations  is  sufficiently  large.  Anderson  (1958)  has 
recommended  3  to  4  observations  per  variable  when  attempting  an  ini¬ 
tial  investigation  of  a  linear  relationship.  For  example,  if  ten 
variables  are  involved  in  the  investigation,  then  30  to  40  obser¬ 
vations  should  be  used. 

Solutions  for  Multicolllnearity 

Several  solutions  for  the  problem  of  multicolllnearity  have 
been  proposed.  Among  them  are  ridge  regression  introduced  by  Hoerl 
and  Kennard  (1970),  principal  components  regression  discussed  by 
Massey  (1965)  and  latent  root  regression  proposed  by  Webster  et.al 
(1973).  All  three  of  the  above  methods  rely  on  an  alteration  of  the 
eigenvalues  of  the  matrix  (X^X)  to  achieve  their  results.  These 
methods  carry  the  general  label  of  biased  regression.  For  speci¬ 
fics,  the  reader  may  consult  the  above  refrences.  Also  a  paper  by 
Hocking  (1976)  gives  an  excellent  overview  of  the  methods  mentioned 
here  as  well  as  of  two  additional  methods.  The  theoretical  Justifi¬ 
cation  for  the  recommended  approach  suggested  by  this  paper  is  given 
in  the  next  section.  This  approach  allows  the  researcher  to  select 
good  regressor  variables  and  simultaneously  identify  colli near! ties. 


IV.  RECOMMENDED  METHOD 

The  recommended  method  here  follows  the  method  proposed  by 
Hawkins  (1973).  The  set-up  consists  of  a  vector  x*  -  (xj,  X2, 
...,Xp)  of  independent  variables  and  the  dependent  variable  y. 
Augment  vector  x  by  adding  variable  y  to  obtain  vector  Z*  »  (y,  xj, 

•  ••»  Xp)  and  assume  that  all  variables  in  vector  £  are  standardized. 
Let  R  be  the  (p  +  1)  by  (p  +  1)  correlation  matrix  of  Z_  where  R  is 
assumed  to  be  nonsingular. 

The  problem  of  multiple  regression  consists  of  finding  a  vector 
so  that  the  hyperplane 

y  “  bjxi  “  *>2X2  “  •••  “  bpXp  (20) 

is  close  to  the  data  in  the  y-norm.  That  is,  so  that  the  mean 
squared  deviation  along  the  y-axis  is  minimized.  Denote  the  y-norm 
by  &2  and  denote  the  vertical  norm  (mean  squared  deviation  along  a 
normal  to  the  hyperplane)  by  \  .  From  vector  analysis  it  Is  known 
that  if  £  -  (y,  xi ,  ...,  xp)  is  any  vector  in  the  (p  +  1)  dimen¬ 
sional  space,  then 

y  -  bjxi  -  ...  -  bpXp  ^  (21) 

1 


where  1  -  (1  +  bj^  +  ...  +  bp2)^  is  the  vertical  distance  between  Z 
and  the  hyperplane  in  (20).  An  application  of  trigonometry  gives 
the  equation 

«2  -  l2  .  (22) 


Rewriting  the  left  hand  side  of  equation  (21)  we  get 

y  _  bi*i  _ 

i  x 


"  *p. 


(23) 


Now  for  each  hyperplane  t^  determined  by  the 
matrix  R,  ^  is  the  corresponding  vertical  norm, 
is  the  ith  eigenvalue  of  R. 

An  expansion  of  tijjE  gives 

iii  -  «oy  +  '1*1  +  •••  ♦  Vp 


eigenvector  tj  of 
Simply  stated,  i 

(24) 


Equating  coefficients  of  y  in  (23)  and  (24)  and  solving  for  1  we  get 


1 


1 


Hence  we  now  have  a  situation  where  1  and  X  are  known  for  equation 
(22).  By  substituting  L  for  1  and  Xi  for  x  in  equation  (22),  we  get 


o 


Since  the  original  objective  was  to  minimize  s2,  it  is  now  clear 
that  s2  is  minimized  when  Xi  is  small  and  t0  is  large.  The  reader 
should  note  that  because  t0  is  the  first  component  of  an 

eigenvector  of  R.  Also  note  that  S2  is  small  if  t02  is  large. 

Ti 

A  convenient  representation  of  the  ratio  t02  can  be  obtained  by 

rescaling  the  matrix  of  eigenvectors.  That  is*  by  rescaling  matrix 
T  where  R  ■  T1  A  T,  T  contains  the  eigenvector  of  R  in  its  columns 
and  i9  the  eigenvalue  diagonal  matrix.  Let  matrix  D  *A”V2  t*.  Here 

*  Jill  where  t^j  is  the  jth  element  of  the  ith  eigenvector. 

xi1* 

The  D  matrix  provides  guidelines  for  determining  which  variables  are 
likely  to  be  good  predictors  of  the  dependent  vairable  y.  First 
note  two  results  from  Hawkins.  Let  d^  -  (d*0,  dil»  •••*  dip)  t0  be  the 
ith  row  of  matrix  D.  Then 

'1)  1  is  the  mean  squared  error  for  the  regression 

£  <*io2  all  independent  variables  of  y. 


(2)  1  is  the  mean  squared  error  of  a  regression 

di2  using  the  variables  provided  by  row  1  of 

matrix  D. 

(Some  elements  in  row  1  may  be  zeros.  Thus,  this  row  shows  a  subset 
of  variables  that  are  suitable  regressors.) 

By  using  result  (2),  it  can  be  seen  that  the  best  subset  of 
variables  for  predicting  y  is  indicated  by  the  row  of  matrix  D  having 


the  largest  value  in  column  zero  (the  1st  column).  The  best  subset 
of  regressor  variables  will  be  those  independent  variables 
corresponding  to  the  largest  d-values  in  that  row. 

If  there  are  two  or  more  such  rows  in  matrix  D,  then  this  is  an 
indication  that  there  are  two  or  more  clusters  of  variables  that  are 
good  predictors  of  y.  Furthermore,  if  dio  is  near  zero,  then  the 
independent  variables  loading  most  heavily  on  this  row  are  involved 
in  a  multicollinearity.  The  following  example  Is  illustrative  of 
the  above  description. 

v.  example 

A  sample  run  of  the  subprogram  named  FACTOR  from  the  SPSS 
package  is  shown  below.  The  objective  of  the  run  was  to  obtain  the 
D  matrix  for  the  93  nondemographic  variables  in  the  OAP.  The 
variables  are  denoted  by  V2,  •••  V93  aruj  variable  V93  la  the 
dependent  variable.  A  sample  of  size  116  was  used  to  determine  the 
correlation  matrix.  (This  sample  size  Is  small  but  sufficient  for 
illustrative  purposes.)  Because  of  a  limitation  on  space,  the  93  by 
93  correlation  matrix  Is  not  printed  here.  Also,  only  an  abbre¬ 
viation  of  certain  rows  of  the  rotated  D  matrix  la  printed  In  table 
1.  Row  1  contains  a  partial  list  of  the  93  variables  with  variable 
93  being  the  dependent  variable.  Rows  2,  3  and  4  provide  some 
Information  about  the  relationship  between  the  variables.  Row  2  Is 
printed  because,  of  all  93  rows  of  matrix  D,  it  contains  the  largest 
value  in  the  column  associated  with  variable  93  and  row  3  contains 
the  second  largest  value  in  that  column.  Row  4  contains  a  small 
value  (rounded  to  zero)  In  the  first  column. 

TABLE  1 

93  3  11  32  38  42  59  61  64  66  72  80  85  86  91 

3.9  -.3  -.1  0  .2  -.8  -  .3  -.7  .8  -  .4  .2  .9  -.4  1.0  .9 

-1.3  -1.3  4.3  -1.4  -3.0  1.2  .6  .8  -.3  -  .2  -.6  -.6  1.4  .2  0 

0  -.1  -.2  .5  -.1  .1  -1.1  1.0  0  -1.2  3.7  .8  -.5  .4  .3 

From  row  2,  variables  42,  64,  80,  86  and  91  have  the  largest  d- 
values  for  this  row.  Hence  they  represent  a  cluster  of  five  good 


predictors  for  V93.  Row  3  indicates  that  variables  3,  11,  32,  38 
and  85  is  a  second  cluster  of  good  predictors  for  Vg3«  Since  row  4 
contains  a  very  small  value  in  the  first  column,  the  regressor 
variables  corresponding  to  the  largest  d-values  in  this  row  are 

involved  in  a  colllnearlty.  That  is,  variables  59,  61,  66,  72  and 
80  are  near  collinear.  However,  the  colllnearlty  as  defined  by  row 
4  does  not  affect  the  regressor  variables  identified  in  rows  2  and  3 
because  the  identified  regressor  variables  there  do  not  contain  any 
of  the  collinear  variables.  If  the  collinear  variables  were 
Involved  with  the  identified  regressor  variables,  it  would  be 
possible  to  delete  the  colllnearlty  by  using  the  deletion  method 
given  in  section  II. 

In  general,  from  a  set  of  93  variables,  it  is  expected  that 

more  than  five  Regressor  variable  will  be  identified*  Ho  matter 
what  number  of  variables  are  identified  from  matrix  D,  this  paper 
recommends  that  a  stepwise  regression  then  applied  to  the  identified 
variables  to  get  the  actual  regression  equation. 

VI.  COMMENTS  AND  CONCLUSIONS 

In  this  paper  we  have  presented  a  method  for  constructing  a 

linear  prediction  equation  when  a  large  number  of  variables  is 

available.  Emphasis  was  placed  on  the  limitations  Imposed  on  simple 
correlation  coefficients  and  the  R?  value  because  of  the  likelihood 
for  repeat  observations.  Also,  it  was  suggested  that  regressor 

variables  be  identified  through  an  inspection  of  a  D  matrix.  This 
inspection  allows  the  user  to  identify  one  or  more  subsets  of 

regressor  variables  as  well  as  any  colllnearltles  that  may  exist. 

It  is  worthwhile  to  point  out  that  if  the  researcher  Is 

Interested  In  treating  any  variable  of  £  ■  (y,x^,  ...,  xp)  as  a 

dependent  variable,  a  set  of  good  regressor  variables  can  be 
obtained  by  inspecting  matrix  D.  For  example,  suppose  we  are 
interested  in  treating  as  a  dependent  variable  to  be  regressed  on 
variables  y,  xj,  ...  xfc-i,  Xfc+i,  ...  xp.  We  first  locate  the  column 
in  D  that  is  associated  with  3^  and  the  largest  value  In  this  column 
identifies  the  row  of  D  that  will  identify  the  variables  that  are 
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good  predictors  of  x^.  Thus,  matrix  D  may  allow  the  researcher  the 
versatility  cf  detecting  good  predictors  of  any  variable  in  Z_ 
through  a  single  preliminary  analysis* 

Matrix  D  can  be  obtained  in  its  rotated  form  by  using  the 
principal  factoring  method  followed  by  a  varlmax  rotation*  These 
methods  are  available  in  the  SPSS  subprogram  FACTOR* 

Further  applications  of  exploratory  tools  to  the  various  types 
of  linear  models  are  possible.  Also,  the  Influence  of  an  oblique 
rotation,  with  respect  to  regression,  on  the  D  matrix  should  be 
investigated*  Because  of  the  necessary  shortness  of  this  research 
period,  these  problems  were  not  addressed*  These  are  good  can* 
dldates  for  a  follow-on  research  project* 
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The  utility  of  linear  digital  filter  (LDF)  methods 
for  analyzing  performance  data  for  economic  systems  was 
investigated.  LDF  methods  typically  used  for  analyzing 
physical  systems  were  found  to  be  not  well  suited  for 
analyzing  economic  systems.  Alternative  methods  for 
analyzing  economic  systems  were  identified.  Data  series 
from  a  number  of  economic  systems  of  interest  to  the  Air 
Force  were  identified  and  LDF  models  were  fitted  to  each 
series  and  selected  pairs  of  series.  Analysis  of  the 
models  fitted  to  the  individual  series  indicated  that  the 
assumption  of  independent  errors  was  not  usually 
appropriate  and  that  LDF  methods  could  be  used  to  account 
for  such  dependencies.  Analysis  of  the  simultaneous 
behavior  of  selected  pairs  of  series  indicated  that 
feedback  relationships  could  exist  between  certain  pairs  of 
series  and  that  multivariate  LDF  models  could  be 
appropriate.  The  analysis  of  attempts  to  model  certain 
pairs  of  series  also  indicated  that  a  non-linear  digital 
filter  method  could  be  needed. 


94-2 


ACKNOWLEDGMENTS 


The  author  would  like  to  thank  the  Air  Force  Systems 
Command,  the  Air  Force  Office  of  Scientific  Research  and 
the  Southeastern  Center  for  Electrical  Engineering  Educa¬ 
tion  for  providing  the  author  with  the  opportunity  to  spend 
a  very  worthwhile  and  intellectually  stimulating  summer  at 
the  Air  Force  Business  Research  Management  Center,  Wright 
Patterson  AFB,  Ohio.  He  would  also  like  to  acknowledge  the 
special  assistance  that  he  received  from  a  number  of 
persons:  Major  Tom  Fitzgerald  for  invaluable  assistance  in 
helping  the  author  gain  access  to  the  General  Dynamic  F-16 
TECH  MOD  data;  Major  Lyle  Lockwood  for  discussions  which 
helped  the  author  gain  a  clearer  and  more  comprehensive 
understanding  of  the  acquisition  research  process;  Dr.  Dave 
Lee  for  his  helpful  suggestions  for  locating  archival 
performance  data;  Messers  A1  Reese,  Joe  Gertge  and  Tom 
Spitler  for  their  assistance  in  helping  the  author  gain  a 
better  understanding  of  the  AFLC  productivity  measurement 
problem  and  for  helping  him  locate  historical  productivity 
data;  Capt.  Don  Brechtel ,  PhD  and  Lt.  Col.  Tom  Clark,  PhD 
for  insightful  discussions  and  references  in  the  area  of 
Systems  Dynamics;  and  Lt.  Col.  Dan  Robinson  for  stimulating 
discussion  regarding  problems  associated  with  measuring  i he 
impact  of  a  productivity  improvement  program;  and  Col.  Ron 
Deep,  PhD  for  his  help  in  obtaining  computer  resources  ana 
locating  data  resources  and  for  his  support  and  encourage¬ 
ment.  Special  thanks  are  due  to  Capt.  Mike  Tankersley  for 
his  help  ir.  locating  data  resources,  obtaining  reference 
materials,  and  gaining  access  to  computer  resources  and 
especially  for  the  numerous  discussions  which  helped  the 
author  gain  a  clearer  understand! ng  of  the  acquisition 
research  problems.  Finally  the  author  would  like  to  thank 
his  graduate  assistant,  Mr.  Norman  Zaenglein,  for  his 
loyalty  and  untiring  efforts  on  behalf  of  the  project. 


I .  INIRODUCIIQN 

In  this  report  any  organization  which  contributes  to 
the  production  of  goods  or  services  will  be  referred  to  as 
an  economic  system.  Two  different  types  of  feedback  can  be 
used  in  controlling  such  a  system.  Negative  feedback  (NF) 
assumes  that  a  desired  level  of  performance  has  been 
established  and  that  the  goal  is  to  maintain  performance  at 
this  level.  NF  involves  comoaring  the  actual  performance 
with  that  desired  and  then  adjusting  the  inputs  to  the 
system  so  as  to  eliminate  the  difference  between  actual  and 
desired  performance.  In  contrast  positive  feedback  (PF> 
assumes  that  the  goal  is  to  improve  the  performance  of  the 
system.  PF  involves  changing  the  inputs  to  the  system  on 
an  experimental  basis,  observing  the  impact  on  performance, 
retaining  those  changes  which  improve  performance  and 
discarding  the  remainder. 

Economic  systems  are  almost  invariably  found  to  be 
operating  in  environments  which  complicate  the  process  of 
exercising  either  NF  or  PF  control.  In  such  environments 
it  is  not  usually  possible  to  observe  and  control  all  of 
the  causal  factors  which  can  influence  the  performance  of 
the  system.  These  unobservable  or  uncontrollable  causal 
factors  can  cause  the  actual  performance  of  the  system  to 
fluctuate  in  an  unexplained  fashion.  In  such  environments 
there  are  usually  a  number  of  factors  which  introduce 
errors  into  system  performance  measurements.  Both 
unexplained  fluctuations  in  actual  system  performance  and 
errors  made  in  measuring  the  performance  of  a  system  are 
referred  to  as  noise. 

The  presence  of  such  noise  can  increase  the  risk  that 
an  inappropriate  control  action  will  be  taken.  When  the. 
system  is  operating  in  the  NF  mode,  noise  can  cause  a 
system  which  in  actuality  does  not  require  corrective 
action  to  look  like  one  which  doos.  It  can  also  cause  a 
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system  which  in  actuality  needs  corrective  action  to  look 
like  one  which  does  not.  Also  when  the  system  is  operating 
in  a  F'F  mode,  noise  can  cause  a  change  which  in  actuality 
had  a  positive  impact  on  performance  to  look  like  one 
which  had  a  negative  or  neutral  impact.  Conversely,  it  can 
also  cause  a  change  which  in  actuality  produced  a  negative 
impact  to  look  like  one  which  produced  a  positive  impact. 

In  many  situations  existing  knowledge  of  system 
behavior  is  not  sufficient  for  specifying  how  changes  in 
system  inputs  will  affect  system  performance.  In  such 
situations  it  is  often  necessary  to  use  historical 
performance  measurement  data  to  infer  a  relationship 
between  input  and  performance.  Unfortunately,  the  presence 
of  noise  can  obscure  the  relationship  between  inputs  and 
performance.  In  particular  noise  can  create  the  illusion 
of  a  relationship  between  inputs  and  performance  which  is 
quite  different  from  the  one  which  exists  in  reality. 

Using  such  an  illusionary  relationship  as  the  basis  for 
control  actions  could  produce  results  which  are  opposite  to 
those  which  are  desired  and  expected. 

The  risk  of  taking  an  inappropr i ate  control  action 
could  be  reduced  if  there  were  a  method  for  extracting  the 
signal  which  describes  the  true  behavior  of  a  system  from 
the  noise  which  tends  to  obscure  it.  This  problem  is 
similar  in  some  respects  to  one  which  arises  in  the  control 
of  physical  systems.  In  such  situations  linear  digital 
filter  <LDF)  methods  are  often  used  to  separate  the  signal 
from  the  noise. 

However,  LDF  methods  typically  used  in  controlling 
physical  systems  are  not  directly  applicable  to  economic 
systems.  In  applying  LDF  methods  to  physical  systems,  the 
first  step  is  to  utilize  existing  theoretical  Knowledge  to 
specify  the  general  form  of  a  mathematical  model  which 
describes  the  behavior  of  the  physical  system.  Unfortunately 
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the  equivalent  theoretical  knowledge  -for  an  economic  system 
is  not  generally  available. 

Conventional  statistical  methods  such  as  linear 
regression  analysis  are  based  on  the  assumption  of 
independent  errors.  Unfortunately,  there  are  a  number  of 
unobservable  and  uncontrollable  factors  which  could  cause 
an  economic  system  to  behave  in  such  a  manner  that  the 
errors  which  would  result  from  fitting  a  linear  regression 
model  would  not  be  independent.  Examples  of  such  factors 
include  the  learning  effect,  the  deteri oration  of 
equipment,  seasonal  effects,  and  alternating  relationships 
in  which  a  high  value  in  one  period  tends  to  be  followed  by 
a  low  value  in  the  next  and  vice  versa. 

I I .  QBJECIIVE§_QE_IHg_Rg§gARCH_EFFQBI 

The  primary  objective  of  this  research  was  to 
determine  the  utility  of  LDF  methods  for  analyzing 
performance  data  for  economic  systems.  This  objective  was 
decomposed  into  three  subobjectives  which  represented 
specific  tasks  necessary  for  the  accomplishment  of  the 
primary  objective.  The  first  subobjective  was  to  identify 
a  LDF  method  which  could  be  suitable  for  analyzing  perfor¬ 
mance  data  for  an  economic  system.  The  second  subobjective 
was  to  identify  potential  applications  of  LDF’s  which  could 
be  of  value  to  the  Air  Force.  The  third  subobjective  was 
to  actually  use  LDF  methods  to  analyze  performance  data  for 
selected  economic  systems. 

III.  IBENnEICeilQN.QE.SgilABue-tPE.deiHQD 

The  task  of  identifying  a  suitable  LDF  method  which 
could  be  used  for  analyzing  performance  data  for  an 
economic  system  began  with  a  review  of  the  engineering 
literature  in  which  LDF  methods  had  been  used  to  analyze 
the  behavior  of  physical  systems.  This  review  revealed 
that  the  basic  approach  for  developing  an  LDF  model  of  a 
physical  system  involved  two  phases.  The  purpose  of  the 
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first  phase  was  to  specify  the  general  form  of  a 
mathematical  model  for  describing  the  behavior  of  the 
physical  system.  In  the  second  phase  the  purpose  was  to 
estimate  the  unknown  values  of  the  parameters  of  the 
mathematical  model  specified  in  the  first  phase.  The  basic 
process  for  identifying  the  general  form  of  the  mathemati¬ 
cal  model  consisted  of  using  a  knowledge  of  the  basic 
relationships  between  the  various  components  in  the  system 
and  the  laws  of  physics  to  specify  a  system  of  equations 
for  describing  the  behavior  of  the  physical  system.  In  the 
second  phase  the  basic  process  was  to  use  historical  data 
on  the  systems  performance  to  estimate  the  values  of  the 
unknown  parameters  in  the  mathematical  model  specified  in 
the  first  phase. 

The  utility  of  an  LDF  model  of  any  system  will  be 
crucially  dependent  on  the  adequacy  of  the  general  form  of 
the  mathematical  model  of  the  system’s  behavior.  Failure 
to  specify  an  adequate  form  for  this  model  could  result  in 
an  LDF  model  which  is  not  capable  of  adequately  fitting 
historical  data.  A1 ternati vel y,  it  could  result  in  a  model 
which  fits  past  data  well,  but  which  forecasts  the  future 
poorly. 

Economic  systems  tend  to  be  more  complex  than  most 
physical  systems.  As  a  result  the  processes  governing  the 
behavior  of  such  systems  are  not  understood  as  well  as 
those  which  govern  the  behavior  of  physical  systems.  In 
particular  verifiable  laws  which  govern  the  behavior  of 
economic  systems  have  yet  to  be  developed,  whereas  well 
established  laws  of  physics  are  available  for  describing 
the  behavior  of  physical  systems.  Lack  of  such  laws 
suggested  the  need  for  an  alternative  approach  for 
determining  the  general  form  of  a  mathematical  model  for 
describing  the  behavior  of  an  economic  system.  This 
prompted  a  search  of  the  engineering  and  statistics 


literature  for  approaches  which  could  be  used  -for 
determining  the  general  form  of  such  a  model. 

This  search  revealed  two  approaches  which  were 
considered  to  be  potentially  useful.  One  was  developed  by 
Pandit  (1973)  and  the  other  by  Akaike  (1976).  Both  of 
these  approaches  are  similar  in  two  important  ways.  First, 
each  utilize  a  highly  general  family  of  models  each  o*c 
which  possesses  sufficient  flexibility  to  adequately  model 
the  behavior  of  many  systems  found  in  practice.  Second, 
each  has  a  theoretically  sensible  system  for  determining 
which  members  of  its  family  of  flexible  models  could  be 
appropriate  for  modeling  the  behavior  of  a  particular 
system. 

In  spite  of  the  similarities,  these  approaches  also 
differ  in  several  important  ways.  First,  they  differ  with 
respect  to  the  structure  of  the  family  of  flexible  models 
which  is  assumed.  The  Pandit  approach  employs  the  auto¬ 
regressive  moving  average  (ARMA)  representation  advocated 
by  Box  and  Jenkins  (1976),  while  the  Akaike  approach 
employs  the  Markovian  state  vector  (MSV)  representation 
traditionally  used  by  systems  engineers.  The  ARMA  and  MSV 
representations  differ  primarily  with  respect  to  the 
information  which  they  store  and  utilize  for  forecasting 
the  future.  Basically  the  ARMA  representation  stores  as 
historical  values  of  the  observed  data  for  a  number  of 
prior  periods,  whereas  the  MSV  approach  stores  forecasts 
for  future  periods  made  during  the  preceding  period.  Thus 
the  ARMA  representation  stores  "look  back"  information 
whereas  the  MSV  representation  stores  "look  ahead" 
information. 

The  second  way  in  which  the  Pandit  and  Aka;ke 
approaches  differ  is  in  the  process  used  to  determine  which 
member  of  the  flexible  family  of  models  is  most  appropriate 
for  modeling  the  behavior  of  a  particular  system.  In 
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particular  the  Pandit  approach  employs  a  statistically 
based  criterion  for  selecting  an  appropriate  model,  whereas 
the  Akaike  approach  employs  a  criterion  based  on  the 
concept  of  entropy. 

The  availability  of  two  alternative  approaches  which 
could  be  used  for  developing  LDF  models  for  economic 
systems  prompted  the  question  as  to  which  approach  might 
be  most  effective.  A  search  of  both  the  engineering  and 
statistics  literature  for  investigations  which  could  be 
useful  in  answering  this  question  revealed  that  none  had 
been  reported.  Given  this  situation  the  Akaike  approach 
was  selected  on  the  basis  that  software  for  implementing  it 
was  immediately  available,  whereas  software  for 
implementing  the  Pandit  approach  would  have  required 
further  development. 

IV.  I5iNIIEIQAIIQN.QF_PQlgNiiAL£-LBE..fiPeUICeiIQWS 

Personnel  in  a  number  of  organizational  units  within 
AFLC  and  ASD  were  contacted  and  interviewed  for  the  purpose 
of  identifying  potential  LDF  applications.  The  particular 
AFLC  units  contacted  were:  (1)  Directorate  Organization 
Resources  and  Management-Financial  Management  and  Produc¬ 
tivity  Analysis  Division  (MAJA) ;  <2>  Directorate  Industrial 
Maintenance  Process  Control  <MAQ) ,  and  (3)  Directorate 
Facilities  Production  Engineering  (MAX).  The  ASD  units 
contacted  were:  (1)  Directorate  Cost  Analysis-Research  Cost 
Division  (ACCR)  and  (2>  Directorate  Manuf acturing  Quality 
Assurance-Manuf acturing  Support  Air  Vehicle  Planning 
Division  < YPMG ) •  The  potential  projects  which  were 
identified  as  a  result  of  these  interviews  are  briefly 
described  in  the  next  subsection. 

6EWQ_!38iQfc8Q8QSt_PC9S!U£fci.!'i.t¥_Mi*iUC,BfQ£1.  Th.  MAJA 
unit  is  currently  in  the  process  of  developing  *  system  for 
measuring  the  productivity  of  AFLC  maintenance  operations. 
Their  basic  goal  is  to  develop  a  measure  which:  (1)  is 
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comprehensive  in  that  it  considers  all  input  and  outputs? 

(2)  is  not  affected  by  -factors  not  related  to  the 
efficiency  and  effectiveness  with  which  maintenance 
operations  are  performed;  and  (3)  describes  how  well  a  unit 
is  doing  in  relation  to  how  well  they  should  be  doing. 

It  is  almost  inevitable  that  any  measure  developed 
will  yield  productivity  measurements  in  which  the  true 
value  of  productivity  is  contaminated  by  noise.  To 
illustrate  how  such  noise  might  corrupt  the  data  it  will  be 
helpful  to  consider  an  example.  Suppose  the  measure  of 
productivity  is  defined  to  be  the  ratio  of  the  average  cost 
of  units  serviced  during  a  base  period  divided  by  the 
average  coat  of  units  serviced  during  the  current  period. 
There  are  a  number  of  factors  which  could  change  and 
thereby  cause  the  above  ratio  to  yield  an  inaccurate 
measure  of  productivity.  First,  inflation  or  deflation  in 
the  cost  of  inputs  could  give  a  false  signal  of  a  change  in 
productivity.  In  particular  an  increase  in  the  cost  of 
inputs  could  give  the  illusion  of  a  productivity  decrease, 
whereas  a  decrease  in  input  costs  could  give  the  illusion 
of  an  increase.  Second,  a  change  in  the  workload  mix  could 
also  Qive  a  false  signal  of  a  change  in  productivity.  A 
change  in  the  workload  mix  in  which  units  with  high  service 
costs  are  replaced  by  those  with  low  service  costs  could 
give  the  illusion  of  a  productivity  increase.  Conversely, 
a  change  in  which  low  service  cost  units  are  replaced  by 
hiQh  service  cost  units  could  give  the  illusion  of  a 
productivity  decrease. 

Part  of  the  distortions  created  by  inflation/ 
deflation  and  changes  in  the  workload  mix  can  be  removed  by 
relatively  simple  means.  The  effects  of  inflation/ 
deflation  might  '7  partially  accounted  for  by  expressing 
the  cost  of  all  inputs  in  constant  dollars.  Also  the 
effects  of  workload  mix  changes  might  be  partially 
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accounted  -for  by  including  in  the  ratio  only  those  units 
which  were  serviced  in  both  the  base  period  and  the  current 
period.  However,  the  process  of  making  these  corrections 
for  inflation  and  changes  in  the  workload  mix  could  cause 
the  resulting  measurements  to  be  contaminated  with  noise. 
Noise  could  be  introduced  by  the  inflation  adjustment 
process  if  the  rate  of  inflation  for  the  inputs  differ  from 
the  rate  of  inflation  in  the  price  index  used  to  convert 
current  cost  to  constant  dollar  equivalents.  Noise  could 
also  be  introduced  by  the  process  of  correcting  for  the 
workload  mix  if  the  average  productivities  for  the  units 
serviced  in  the  base  period  and  the  current  period  differ. 

There  are  a  number  of  additional  factors  which  could 
cause  the  productivity  measure  to  be  distorted.  (1)  Over¬ 
charging  for  the  depreciation  fcr  a  new  facility  could 
cause  the  productivity  measure  to  be  falsely  depressed, 
whereas  undercharging  could  cause  it  to  be  falsely 
inflated.  (2)  The  amount  of  service  required  is  likely  to 
increase  as  the  average  age  of  units  in  the  field 
increases.  Failure  to  correctly  adjust  for  this  phenomena 
could  give  a  false  picture  of  productivity.  <3>  Changes  in 
the  quality  of  materials  used  in  the  repair  process  could 
influence  the  amount  of  labor  required  and  could  thereby 
cause  the  measure  of  productivity  to  be  distorted.  (4)  An 
increase  in  the  workload  which  requires  the  use  of  exces¬ 
sive  amounts  of  overtime  could  cause  the  efficiency  of 
labor  to  fall  which  could  in  turn  cause  productivity 
measures  to  be  depressed.  In  addition  a  change  in  the 
workload  which  creates  excessive  amounts  of  idle  time  could 
also  cause  productivity  measure  to  be  depressed.  (5)  A 
failure  to  correctly  account  for  the  cost  of  disruptions  in 
customer  organizations,  caused  by  low  quality  service  or 
late  deliveries  could  cause  the  productivity  measure  to  be 
distorted.  True  productivity  would  be  overstated  if  such 
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costs  were  underestimated  and  vice  versa. 

From  the  above  it  can  be  seen  that  there  are  a  large 
number  of  factors  which  could  distort  productivity 
measurements.  Furthermore  it  will  be  virtually  impossible 
to  identify  and  correctly  adjust  for  all  of  these  factors. 
Thus  it  is  highly  likely  that  any  series  of  productivity 
measures  are  likely  to  be  contaminated  by  noise. 

Stimulating  productivity  growth  is  one  of  the 
potential  benefits  which  could  result  from  a  system  for 
measuring  productivity.  In  order  for  this  potential  to  be 
fully  realized  it  will  be  necessary  for  those  responsible 
for  productivity  to  be  able  to  discriminate  between  real 
changes  in  productivity  and  distortions  in  the  productivity 
measure  caused  by  noise. 

A§B;E=i6_Ii£fc_Bsg_eC9flC*ffl_IfflB*Cti.  In  ord.r  to 
stimulate  productivity  growth  the  Air  Force  has  established 
a  program  to  encourage  firms  in  the  aerospace  industry  to 
modernize  their  facilities.  This  program  which  is  known  as 
the  technology  modernization  (TECH  MOD)  program  utilizes 
various  types  of  financial  incentives  to  stimulate 
investment  in  new  technologies  which  will  hopefully 
increase  productivity. 

The  TECH  MOD  program  requires  firms  which  participate 
to  collect  data  to  verify  that  the  projected  cost  reduc¬ 
tions  have  been  achieved.  Unfortunately,  this  performance 
data  is  typically  contaminated  by  noise.  In  order  to 
correctly  assess  the  impact  of  a  TECH  MOD  project  it  will 
be  necessary  to  separate  the  signal,  which  represents  the 
true  productivity  gain,  from  the  noise  which  almost 
invariably  contaminates  production  cost  data.  LDF  methods 
could  be  used  to  accomplish  the  above  separation. 

V.  «UCE-.ANAUY§IS->QF-PgRFQRMANQ§.QAIA 

e«C£BCffl*DC«_B*S*_5*l*Ct«S!_fBC-6Dil«it-  T“0  .ourci 
of  performance  data  were  identified  as  a  result  of  the 


.■v 

£ 


.w, 


•Y.  * 


94-12 


interviews  described  in  the  preceding  section.  First  the 
interviews  with  the  YPhG  unit  in  ASD  resulted  in  receiving 
permission  to  use  data  collected  internally  by  General 
Dynamics,  Fort  Worth,  for  the  purpose  of  assessing  the 
impact  of  F-16  TECH  MOD  projects  on  direct  labor  cost. 

This  data  consists  of  the  direct  labor  hours  charged  to 
each  production  run  of  a  number  of  products  which  had  been 
produced  both  before  and  after  the  implementation  of  a  F-16 
TECH  MOD  project.  Second,  the  interviews  with  the  MAJA  and 
the  MAQ  units  in  AFLC  were  successful  in  locating  a  number 
of  data  series  which  were  currently  being  used  to  monitor 
the  productivity  of  maintenance  activities  at  each  Air 
Logistics  Center. 

The  AFLC  data  was  immediately  available,  whereas  the 
F-16  TECH  MOD  data,  which  had  to  be  obtained  from  General 
Dynamics  Fort  Worth,  was  not.  The  lack  of  immediate 
availability  of  the  F-16  TECH  MOD  data  combined  with  the 
limited  time  available  for  completing  this  project  made  it 
necessary  to  give  priority  to  the  analysis  of  the  AFLC 
productivity  data. 

Th.  Ak.ik.  Mthod  for 

developing  LDF  models  was  used  to  analyze  the  AFLC  produc¬ 
tivity  data.  There  were  two  key  questions  which  motivated 
the  analysis  of  this  data.  The  first  was  whether  or  not 
standard  statistical  methods,  which  assume  statistically 
independent  errors,  would  be  appropriate  for  analyzing  such 
data.  The  second  was  to  determine  if  non-linear  digital 
filters  (NLDF)  might  be  needed  to  obtain  an  appropriate 
model  for  the  system  which  gonerated  the  data. 

The  strategy  for  answering  the  first  question 
involved  a  two  phase  approach.  In  the  first  phase  Akaike’s 
approach  was  used  to  determine  the  most  appropriate  LDF 
model.  In  the  second  phase  the  basic  structure  of  the 
fitted  LDF  model  was  analyzed  to  determine  whether  or  not 
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it  was  consistent  with  the  assumption  of  statistically 
independent  errors. 

The  strategy  for  obtaining  a  preliminary  indication 
of  the  answer  to  the  second  question  also  involved  two 
phases.  The  first  chase  consisted  of  applying  Akaike's 
method  for  developing  a  LDF  model  to  the  data.  The  second 
phases  consisted  of  analyzing  the  results  of  the  first 
phase  model  building  effort  to  determine  if  there  is 
evidence  which  suggest  that  a  NLDF  model  might  be 
appropriate. 

The  results  obtained  from  utilizing  Akakie’s  approach 
to  developing  LDF  models  for  each  of  the  AFLC  productivity 
data  series  are  summarized  in  Table  I.  This  table  also 
indicates  whether  or  not  the  fitted  model  is  consistent 
with  the  assumption  of  independent  errors  made  in  standard 
statistical  methods.  If  a  model  is  not  consistent  with  the 
assumption,  then  the  model  is  classified  according  to  the 
nature  of  the  dependency  which  it  implies.  This  classifi¬ 
cation  of  the  dependence  which  the  model  implies  is  based 
on  the  recognition  that  there  are  two  classical  ways  in 
which  a  system  can  recover  from  an  exogoneous  shock.  One 
way  is  for  the  system  to  gradually  recover  from  the  shock 
over  an  extended  period  of  time.  The  other  is  for  the 
system  to  suffer  from  the  full  effect  of  the  shock  for  a 
finite  period  of  time  and  to  then  abruptly  recover. 

Systems  which  gradually  recover  are  said  to  possess  a 
gradual  recovery  mechanism,  while  those  that  abruptly 
recover  are  said  to  possess  an  abrupt  recovery  mechanism. 

In  practice  there  is  nothing  to  prevent  a  system  from 
utilizing  both  the  gradual  and  the  abrupt  recovery 
mechanisms.  Such  systems  are  said  to  possess  a  hybrid 
recovery  mechanism. 

Table  X  also  describes  the  fitted  models  in  terms  of 
tne  number  of  steps  into  the  future  with  which  it  is 


TABLE  I 

UNIVARIATE  ANALYSIS  OF  AFLC  PRODUCTIVITY  DATA 


Location 

Variable 

#  Step 

Inde- 

Type 

Name 

Ahegd 

-CSQgi.- 

-BtQCQdi. 

Ogden 

Direct  Labor  Effic. 

0 

No 

Gradual 

Indirect  Labor  Effic. 

0 

No 

Gradual 

Direct  Labor  Hours 

11 

No 

Hybrid 

Indirect  Labor  Hours 

1 

No 

Hybrid 

Overtime  Direct  Labor 

2 

No 

Hybrid 

Overtime  Indirect  Lab. 

1 

No 

Hybrid 

Output  Index 

0 

No 

Gradual 

Input  Index 

0 

No 

Gradual 

Productivity  Index 

0 

No 

Gradual 

Okla.  City 

Direct  L^bor  Effic. 

0 

No 

Gradual 

Indirect  Labor  Effic. 

0 

No 

Gradual 

Direct  Labor  Hours 

5 

No 

Hybrid 

Indirect  Labor  Hours 

8 

No 

Hybrid 

Overtime  Direct  Labor 

1 

No 

Hybrid 

Overtime  Indirect  Lab. 

0 

No 

Gradual 

Output  Index 

0 

No 

Gradual 

Input  Index 

1 

No 

Hybrid 

Productivity  Index 

0 

No 

Gradual 

Sacramento 

Direct  Labor  Effic. 

1 

No 

Hybrid 

Indirect  Labor  Effic. 

1 

No 

Hybrid 

Direct  Labor  Hours 

9 

No 

Hybrid 

Indirect  Labor  Hours 

7 

No 

Hybrid 

Overtime  Direct  Labor 

2 

No 

Hybrid 

Overtime  Indirect  Lab. 

1 

No 

Hybrid 

Output  Index 

0 

No 

Gradual 

Input  Index 

0 

No 

Gradual 

Productivity  Index 

0 

No 

Gradual 

San  Antonio 

Direct  Labo^  Effic. 

4 

No 

Hybrid 

Indirect  Labor  Effic. 

0 

No 

Gradual 

Direct  Labor  Hours 

11 

No 

Hybr i d 

Indirect  Labor  Hours 

12 

No 

Hybrid 

Overtime  Direct  Labor 

2 

No 

Hybrid 

Overtime  Indirect  Lab. 

0 

No 

Gradual 

Output  Index 

0 

No 

Gradual 

Input  Index 

0 

No 

Gradual 

Productivity  Index 

0 

No 

Gradual 

Warner 

Direct  Labor  Effic. 

3 

No 

Hybrid 

Robine 

Indirect  Labor  Effic. 

0 

Yes 

NA 

Direct  Labor  Hours 

9 

No 

Hybrid 

Indirect  Labor  Hour- 

7 

No 

Hybrid 

Overtime  Direct  Labor 

3 

No 

Hybrid 

Overtime  Indirect  Lab. 

0 

No 

Gradual 

Output  Index 

0 

No 

Gradual 

Input  Index 

1 

No 

Hybrid 

-ecadusUvUx.iodcx _ 

-  Nfi _ 
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necessary  to  forecast  in  order  to  adequately  characterize 
the  dynamic  behavior  of  the  system.  The  forecast  for  one 
step  into  the  future  can  be  used  to  account  for  the 
velocity  of  the  system,  whereas  the  forecast  for  two  steps 
into  the  -future  can  be  used  to  account  for  the  acceleration 
of  the  system.  Forecasts  for  more  distant  steps  can  be 
used  to  account  for  seasonal  changes  in  the  behavior  of  the 
system. 

Table  II  contains  results  obtained  from  analyzing  the 
behavior  of  two  variables  simultaneously.  These  tables 
indicate  whether  or  not  the  model  of  the  variables  behave 
in  a  pairwise  independent  fashion.  If  they  are  not  inde¬ 
pendent,  it  describes  the  nature  of  the  pairwise  depend¬ 
ency  which  exists  between  the  variables. 

An  examination  of  Table  I  indicated  that  the  pro¬ 
ductivity  data  are  likely  to  be  pairwise  dependent  and  that 
LDF  methods  should  be  used  to  analyze  such  data. 

An  examination  of  Table  II  revealed  that  feedback 
relationships  could  exist  between  the  output  and  the  input 
indices  and  also  between  the  indirect  labor  and  direct 
labor  efficiencies.  It  also  indicated  that  a  nonlinear 
relationship  could  exist  between  (1)  direct  labor  overtime 
hours  and  direct  labor  efficiency  and  also  between  (2) 
indirect  labor  overtime  hours  and  indirect  labor  effi¬ 
ciency.  If  true  this  could  suggest  that  nonlinear  digital 
filter  methods  might  be  needed  to  develop  adequate  models 
of  such  relationships. 

VI.  RECOMMENDATIONS 

The  above  results  suggest  that  the  performance  data 
for  most  economic  systems  are  not  likely  to  satisfy  the 
assumption  of  independence  made  by  standard  statistical 
techniques  such  as  regression  analysis,  analysis  of 
variance  and  Shewhart  control  charts.  The  consequences  of 
incorrectly  assuming  independence  can  cause  the  estimated 
variance  to  be  badly  distorted.  The  potential  magnitude 
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TABLE  II 

BIVARIATE  ANALYSIS  OF  AFLC  PRODUCTIVITY  DATA 


Location  Variables  Pairwise  Type  Evid. 

- laSge*. _ BtBtQSli.__6iBQli.ai. 


Ogden 

Direct  Labor  Effic.  it 

No 

Feedback 

No 

Indir.  Labor  Effic. 
Overtime  Direct  Labor 

7 

indi^.to  dir. 

i 

Yes 

it  Dir.  Libor  Effic. 
Overtime  Indirect  Lab. 

7 

? 

Yes 

it  Indir.  Lab.  Effic. 
Output  it  Input  Index 

Yes 

NA 

No 

Okie.  City 

Direct  Labor  Effic.  it 

No 

Feedback 

No 

Indir.  Labor  Effic. 
Overtime  Direct  Labor 

7 

indir.to  dir. 
? 

Yes 

it  Dir.  Labor  Effic. 
Overtime  Indirect  Lab. 

7 

? 

Yes 

it  Indir.  Lab.  Effic. 
Output  it  Input  Index 

No 

Feedback 

No 

Sacramento 

Direct  Labor  Effic.  it 

? 

out  to  in 

7 

Yes 

Indir.  Labor  Effic. 
Overtime  Direct  Labor 

? 

? 

Yes 

it  Dir.  Labor  Effic. 
Overtime  Indirect  Lab. 

? 

? 

Yes 

it  Indir.  Lab.  Effic. 
Output  &  Input  Index 

No 

Feedback 

No 

San  Antonio 

Direct  Labor  Effic*  it 

? 

out  to  in 
? 

Yes 

Indir.  Labor  Effic. 
Overtime  Direct  Labor 

? 

? 

Yes 

it  Dir.  Labor  Effic. 
Overtime  Indirect  Labor 

? 

7 

Yes 

it  Indir.  Labor  Effic. 

Output  it  Input  Index 

Yes 

NA 

No 

Warner 

Direct  Labor  Effic.  it 

? 

? 

Yes 

Robins 

Indir.  Labor  Effic. 
Overtime  Direct  Labor 

? 

? 

Yes 

&  Dir.  Labor  Effic. 
Overtime  Indirect  Labor 

? 

? 

Yes 

It  Indir.  Labor  Effic. 
Output  it  Input  Index 

Yes 

NA 

No 

of  such  distortions  is  demonstrated  by  an  example  in  Box, 
Hunter,  and  Hunter  (1978)  which  demonstrates  that  -failure 
to  satisfy  the  assumption  of  independence  may  cause  the 
variance  of  the  mean  in  a  sample  of  size  10  to  change  by  a 
factor  of  19. 

In  the  past  the  high  cost  of  storing  the  data  or  of 
performing  the  necessary  calculations  would  have  made  the 
use  of  LDF  methods  prohibitively  expensive  for  many 
applications.  Fortunately,  the  advent  of  mi rrocomputers 
have  reduced  costs  to  the  point  where  this  is  no  longer  the 
case.  However,  the  lack  of  the  availability  of  software 
which  could  be  utilized  by  non-experts  on  a  microcomputer 
is  a  factor  which  could  limit  the  extent  to  which  LDF 
methods  are  applied. 

This  suggests  that  the  next  task  in  this  research 
area  should  be  to  develop  user  friendly  LDF  software  which 
could  be  used  by  non-experts  on  a  mi crocomputer .  One 
danger  with  this  approach  is  that  such  software  could  be 
used  in  situations  in  which  it  is  ill-suited.  The  risk  of 
such  misuse  could  be  greatly  reduced  by  performing 
simulation  experiments  to  gain  a  better  understanding  of 
the  characteri st i cs  of  data  for  which  LDF  methods  should 
not  be  used.  In  particular  such  simulation  experiments  are 
needed  to  determine  how  well  LDF  methods  can  cope  with 
systems  which  behave  in  a  non-linear  fashion. 

The  results  in  the  preceding  section  also  indicate 
that  some  of  the  economic  systems  analyzed  could  behave  in 
a  non-linear  fashion.  In  addition  the  System  Dynamics 
paradigm  developed  by  Forrester  <1961 )  suggests  that:  this 
could  be  the  case.  These  consi der at i ons  suggest  that  the 
user  friendly  software  should  be  capable  of  identifying 
when  LDF  methods  are  not  appropriate.  To  be  complete  the 
software  should  be  capable  of  fitting  non-linear  filter 
models  when  LDF  methods  are  not  deemed  to  be  appropriate. 
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The  energy  of  an  electron  bound  by  a  donor  impurity  center  inside  a 
GaAs/AlGaAs  layered  structure  has  been  investigated.  In  the  present 
study  the  donor  impurity  atom  was  assumed  to  be  located  at  an  arbitrary 
site  inside  a  GaAs  layer  sandwiched  between  two  GaAlAs  layers  with 
differing  A1  concentrations.  The  different  Ai  concentrations  cause 
different  potential  energy  barrier  heights  on  the  two  sides  of  the  GaAs 
layer  resulting  in  an  asymmetric  quantum  well.  The  calculation  was 
formulated  so  that  the  binding  energies  could  be  obtained  as  a  function 
of  the  ratio  of  the  barrier  heights  at  the  two  interfaces,  as  a  function 
of  the  location  of  the  impurity  atom  inside  the  GaAs  layer,  and  as  a 
function  of  the  width  of  the  GaAs  layer. 
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I.  INTRODUCTION 


The  Electronic  Research  Branch  of  the  Avionics  Laboratory  has  for  a 
number  of  years  been  interested  in  the  use  of  GaAs  for  application  to 
device  technology *1  The  specific  interest  in  this  material  has  resulted 
because  GaAs  possesses  certain  advantages  over  other  semiconductors  such 
as  Si  or  Ge  in  the  areas  of  opto-electronics ,  high  frequency  microwave 
devices,  and  high  speed  logic. ^  A  closely  related  semiconductor 
AlxGai_x  As  in  which  a  certain  fraction  x  of  A1  atoms  (usually  x  t  0.4) 
replace  Ga  atoms  in  the  crystal  lattice  also  has  application  in  the 
above  areas  and  has  been  studied  extensively  in  other  laboratories. 

More  recently,  crystal  growth  techniques  such  as  molecular  beam 
epitaxy^  (MBS)  and  metal-organic  chemical  vapor  deposition^  (MOVCD)  have 
held  promise  for  vast  improvements  in  semiconductor  technology  in  the 
area  of  man-made  tailoring  of  structures  for  specific  device 
applications. 5 with  MBE  it  is  possible  to  grow  single-crystal 
semiconductor  films  having  smooth  surfaces  and  finely  defined  film 
thicknesses.  To  date  one  of  the  smoothest  and  most  highly  controlled 
MBE  grown  structures  has  been  the  GaAs/AlxGa^_xAs  multilayers  in  which 
alternating  layers  of  GaAs  and  AlxGa^.xAs  are  grown  into  a 
"superlattice"  configuration.  Because  of  these  developments  and  because 
of  its  on-going  interest  in  GaAs  research,  it  has  been  natural  for  the 
Electronic  Research  Branch  to  undertake  a  program  to  study  the  growth 
and  characterisation  of  the  new  multilayer  structures. 

Iucluded  in  the  characterisation  program  has  been  a  systematic 
theoretical  study^”^  of  the  binding  energies  due  to  shallow  donor 
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impurity  atoms  and  Wannier  excitons  inside  quantum  wells  formed  when  a 
GaAs  layer  is  sandwiched  between  layers  of  AlxGai-xAs.  It  has  been 
customary  both  to  grow  and  to  investigate  theoretically  systems  in  which 
AlxGaj_xAs  layers  have  had  the  same  fraction  x  of  Al,  and  thus  the  same 
physical  properties,  on  both  sides  of  the  GaAs  layer.  This  leads  to  a 
quantum  well  structure  known  as  a  "square  well."  However,  it  has  become 
apparent  that  for  certain  applications  structures  where  the  Al 
concentration  on  the  two  sides  of  the  GaAs  layer  is  different  may  be 
useful^;  such  a  structure  would  lead  to  an  "asymmetric  quantum  well." 

It  is  expected  that  the  properties  of  various  physical  systems  such  as 
shallow  impurity  atoms  and  Wannier  excitons  in  asymmetric  wells  could 
differ  significantly  from  those  in  a  square  well.  It  is  the  study  of 
the  binding  energy  of  shallow  donor  impurity  atoms  in  an  asymmetric 
quantum  well  with  which  the  present  report  is  concerned. 

II.  OBJECTIVES 

The  objectives  for  the  summer  program  were  tc  investigate 
electronic  properties  associated  with  GaAs/AlxGa^_xAs  quantum  well 
structures.  Specific  objectives  that  developed  with  regard  to  the 
asymmetric  quantum  well  problem  are  as  follows: 

(1)  obtain  an  expression  for  the  subband  level  energies  in  an 
asymmetric  quantum  well; 

(2)  obtain  a  criterion  for  the  existence  of  bound  solutions  in  an 
asymmetric  quantum  well; 

(3)  obtain  an  expression  for  the  binding  energy  of  a  shallow  donor 
impurity  atom  in  an  asymmetric  quantum  well  as  a  function  of 


the  ratio  of  the  potential  barriers  on  the  two  sides  of  the 
well  and  as  a  function  of  the  total  width  of  the  well,  and 
incorporate  into  the  calculation  the  possibility  of  locating 
the  donor  impurity  atom  at  an  arbitrary  site  inside  the  well. 


III.  THE  ASYMMETRIC  QUANTUM  WELL  PROBLEM 


The  one-dimensional  asymmetric  quantum  well  potential  energy 
functic 1  V^(t)  is  defined  by  the  following  mathematical  relation: 


V*> 


rV<  ,  i  ’ 

Jo  J  -  Va  <  *  < 
*4  ,  *  <  -  bk 


(l) 


In  the  present  work  the  origin  of  coordinates  is  taken  to  be  at  the 
center  of  the  well  and  the  behavior  of  the  electron  in  the  x-y  plane  is 
assumed  to  follow  that  for  plane  wave  motion.  In  Eq.  (1)  V}  and  V2  are 
uniform  potential  energy  values  such  that  V|  9*  Vj  and  L  is  the  total 
width  of  the  well.  The  interval  a  >  L/2  will  be  referred  to  as  region 
I,  -L/2  <  a  <  L/2  as  region  II  and  a  <  -  L/2  as  region  III.  The  above 
potential  energy  function  would  exist  physically  in  a  layered  structure 
if  region  I  consisted  of  a  layer  of  AlxGa|_xAa,  region  II  of  GaAa,  and 
region  III  of  Al^Ga^^As,  such  that  x  9  y.  For  a  large  majority  of 
applications  one  keeps  xfy  £  0.4  because  AlGaAs  remains  a  direct  band 
gap  semiconductor  for  these  values.  It  should  be  clear  that  if  x*y, 
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then  Vj«V2»  and  the  asymmetric  quantum  well  potential  reduces  to  the 
special  limiting  case  of  the  square  quantum  well  potential. 

To  find  the  subband  energy  levels  corresponding  to  the  potential 
V^(z)  one  needs  to  obtain  the  solutions  to  the  Schrodinger  equation^ 


d  =£* 


-h 


VA(*)  fC2) 


(2) 


where  f(z)  is  the  wavefunction  fo;  an  electron  in  the  potential  V^(z),  ui 
is  the  effective  mass  associated  with  the  conduction  band  in  GaAs  (for 
GaAs,  m  m  0.067me;  this  same  value  is  assumed  for  the  AlGaAs  layers)  and 
En  refers  to  the  energy  of  the  n^  subband.  In  the  present  work  we  are 
interested  only  in  the  energy  of  the  lowest  subband  E}. 

In  what  follows  it  will  be  convenient  to  describe  all  lengths  in 
terms  of  an  effective  Bohr  radius  given  by 

(3) 


L  = 


yy)  e* 


where  60  is  the  dielectric  constant  for  GaAs  (for  GaAs,  £u  *  12.5;  this 
same  value  is  assumed  for  the  AlGaAs  layers)  and  e  is  the  electronic 
charge,  and  to  describe  all  energies  in  terms  of  the  effective  Rydberg 


(4) 


One  finds  for  GaAs  that  b0  ■  98. 7A  and  R  ■  5.83  meV.  In  these  units  the 
Schrodinger  equation  becomes 

-  —  -f O)  +  -  E*  fo) 

d  t* 


(5) 


now  dimensionless* 


with  V^(z)  end  En 

The  solution  of  Eq.  (5)  differs  in  two  significant  respects  from 
that  for  the  square  well  problem.  First  because  of  the  asymmetry  of  the 
potential  V^(z)  the  solutions  f(z)  cannot  be  divided  into  even  and  odd 
parity  solutions.  Secondly,  although  at  least  one  bound  solution  exists 
for  all  non-zero  values  of  the  potential  barriers  in  the  square  well 
problem,  bound  solutions  do  not  always  exist  for  the  asymmetric  quantum 
well  problem;  the  condition  for  the  existence  of  solutions  in  this 
latter  case  will  be  given  below. 

The  solution  of  Eq.  (5)  proceeds  by  taking  wavefunctions 
appropriate  to  the  various  regions  of  the  one-dimensional  coordinate 
space  and  imposing  matching  conditions  on  these  functions  and  their 
first  derivatives  at  the  sides  of  the  well  («  ■  £  L/2).  The 
wavefunction  chosen  in  the  present  situation  is 


r 


■fft)  = 


A,  e 


~K,i 


i  > 


(Ai  +  4>)  t  ~  Vt  <  2  <  L/z 
,  i  <  -  Va 


(6) 


where  A^  A]  and  A2  are  normalisation  factors, 

K,  =  0 

K,  =  , 


and 


(7) 
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and  where  ^  is  a  phase  factor  required  due  to  the  asymmetry  of  V^(z). 
The  matching  conditions  at  z  *  t-L/2  lead  to  the  condition  on  0  , 


(f)  -  jr  JkL  + 


and  to  the  energy  eigenvalue  equation 


-  ~  (err)  +  * )  • 


In  Eqa.  (8)  and  (9)  the  principle  values  of  tan”*  are  to  be  taken  and 
the  integer  n  takes  on  the  values,  n  *  1,  2,  3,  .  .  .  .  Equation  (9) 
is  a  transcendental  equation  for  the  energy  eigenvalues  En  and  is  most 
conveniently  solved  either  graphically  or  numerically* 

The  condition  for  the  existence  of  bound  state  solutions  is  most 


easily  obtained  by  rearranging  Eq.  (9)  to  read 


>17T  -  KL  5 


y-  /JtM. 


y) 


where 


*/k 

k  =  =  v'.”* 

1/ 

CtnTf  -  (  ) 


and  where,  as  for  tan”*,  the  principle  values  for  sin~l  are  to  be  taken. 
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The  left  hand  side  of  Eq.  (10)  is  a  series  of  straight  lines  with 
respect  to  the  variable  ^  (one  for  each  value  of  n)  and  for  a  solution 
to  exist  the  straight  lines  must  intersect  the  function  of  ^  on  the 
right  hand  side  of  Eq.  (10).  Since  the  principle  values  of  sin”*  are 
involved,  one  must  have  |^|  ^  I  ;  physically  this  condition  implies  that 
for  a  bound  state  to  exist  the  energy  En  must  be  amaller  than  or  equal 
to  the  smaller  of  the  potential  barriers  V}  or  V2  (in  deriving  Eq.  (10) 
it  was  assumed  that  Vj  <  V2).  Substituting^  ■  1  into  Eq.  (10)  leads 
to  the  condition  for  the  number  n  of  bound  state  eigenvalues 

KL  -  (»-/)  77  •+■  T  .  (12) 


If  this  condition  is  not  obeyed  for  n"*l,  then  there 
solutions;  thus,  there  are  no  bound  state  solutions 

V'^L  <  cr?' m 


are  no  bound  state 
if  KL  <  2T,  or 


(13) 


!V  SHALLOW  DOHOR  IMPURITY  ATOM  IN  AW  ASYMMETRIC  QUANTUM  WELL 


To  obtain  the  energy  E  of  an  electron  bound  to  a  hydrogenic  donor 
atom  associated  with  the  first  subband  in  a  GaAs  asymmetric  quantum  well 
one  must  consider  the  Schrodinger  equation  H  f  -  E  if  with 


u  ~  2-  - 

H  ean. 


■h 


VA&) 


(14) 
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The  first  term  in  the  Hamiltonian  operator  H  is  the  kinetic  energy  of 
the  electron  in  the  effective  mass  approximation  where}  as  before}  m  is 
the  electron  effective  mass  associated  with  the  lowest  subband.  The 
last  two  terms  in  H  are,  respectively,  the  attractive  Coulomb  potential 
due  to  the  donor  ion  and  the  asymmetric  quantum  well  potential  discussed 
in  Section  III.  As  indicated  in  Section  III,  it  will  be  assumed  in  the 
present  work  that  the  mass  m  and  the  dielectric  constant  €0  are  constant 
across  the  interfaces  between  the  GaAs  and  AlGaAs  layers.  This 
approximation  is  probably  good  as  long  as  the  donor  atom  is  near  the 
center  of  the  quantum  well  and  less  good  when  the  donor  atom  is  near  the 
interface  regions.  Expressing  the  momentum  p  in  terms  of  its  equivalent 
operator  form  (in  cylindrical  coordinates)  and  using  the  dimensionless 
units  bQ  and  R  introduced  in  Eqs .  (3)  and  (4),  one  finds  that  H  can  be 
written  in  the  form 


H 


LA 
f  r 


_L  _d 1  ' 

r 


7> 


b  V  If- ] 


+  K (*) 


(15) 


In  this  last  expression  is  the  arbitrary  position  of  the  donor  atom 
inside  the  well. 


95-H 


Since  it  appears  unlikely  Chat  an  exact  solution  of  the  Schrodinger 
equation  is  possible  with  H  given  by  Eq.  (15),  a  variational  approach 
vas  taken.  The  trial  vavefunction  $  used  is  of  the  product  form 


¥  =  -TOO  §(f  j  & ,  , 


where  f(<)  is  the  wavefunction  corresponding  to  the  solutions  of  the 
asywetric  quantum  veil  problem  and  vhere 

£(J*>^  (17) 

with  the  gQ  having  the  fora 

J  .  (18) 


Xn  Eqs.  (17)  and  (18)  the  aQ  and  o(  are  variational  parameters  to  be 
determined.  Mote  from  Eq.  (18)  that  the  exponential  factor  is  that 
appropriate  for  the  ground  state  of  the  hydrogen  atom  problem. 

In  teraa  of  the  product  vavefunction  Eq.  (16),  the  Schrodinger 
equation  can  be  written  as 


[Tl  ♦  t,  n](f3)  =  £.(fa) ,  „„ 
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t  *Sr‘ 

■% 


(19b) 


a 

LfZ  +  (rL-2^'/Z 


(19c) 


and  where  Vg  is  given  by  Eq.  (1).  One  finds  that 

T«(fa)  =  3(Ttf)-*H§t.  +  <». 

However,  (Tx  ♦  V^)f  ■  Egf  since  f  is  the  solution  of  the  asyasretric 
quantua  well  problea.  This  leads  to  the  result 

-F(Tl  +  Vc)3  -  -P(T^)  ~  2.  ff"  -  (21) 

It  is  really  (E-E^)  that  we  wish  to  calculate.  The  quantity  (E-E^)  is 
the  total  energy  ainus  the  energy  of  the  first  subband  and  so  this  tens 
represents  the  binding  energy  of  an  electron  to  the  donor  ion;  we  will 
denote  this  binding  energy  by  Eg. 


J^T? 

v'O 

» 


V  C* 
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To  evaluate  this  energy  it  ia  neceaaary  to  take  the  quantum 
mechanical  expectation  valuea  of  the  terms  in  Eq.  (21).  This  leads  to 


the  result 


Zlf  oo 


r  f  r 

"d*  ^V/c)|3) 


—  CO  O  to 


-  I UY  (t>3)-  a(rjg)(?U) 
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The  last  two  terms  on  the  left  hand  side  of  this  expression  can  be 


combined  into  a  single  term  through  a  Green's  theorem  type 


transformation  and  by  invoking  the  physical  condition  that  the 


wavefunction  must  vanish  at  large  distances  frw*.  the  center  of  the 


quantum  well.  The  integral  00  the  right  hand  side  of  Eq.  (22)  is  just  a 


normalisation  integral  which  will  be  denoted  by  N.  Taking  these 


considerations  into  account  one  obtains  for  the  binding  energy  the 


expression 


Analytic  work  00  these  integrals  which  was  fsirly  tedious  has  been 


completed  during  the  course  of  the  summer  program;  due  to  space 


•V 
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limitations  the  results  of  these  calculations  cannot  be  given  in  the 
present  report. 

The  final  step  in  finding  values  for  Eg  is  to  vary  the  results 
obtained  from  Eq.  (23)  with  respect  to  the  variational  parameters  an  and 
0(  for  each  value  of  L,  and  the  ratio  Vj/V2  that  is  of  interest. 

This  is  an  exceedingly  formidable  task  to  perform  analytically  and 
instead  will  be  carried  out  numerically.  This  part  of  the  calculation 
will  be  completed  after  the  summer  program  and  will  be  discussed  briefly 
in  the  section  on  recommendations.  The  numerical  evaluation  required 
may  be  simplified  somewhat  by  setting  up  the  calculation  in  the 
following  determinantal  form  as  illustrated  for  the  case  where 
g  ■  «0go  +  *i*l: 

£oo~£eM>o  E0|-£ba/0, 

=  O  f  <«> 

£  I(T  EB  ^10  £/i  “  Ed> 


where  I00  is  a  shorthand  notation  for  the  result  of  the  integration  of 
the  left  hand  side  of  Eq.  (23)  for  only  the  termt  involving  the 
wavefu.wtion  g0,  Eqj  involves  only  g0*  and  gj ,  and  so  forth;  in  a 
similar  way  N00  is  a  normalisation  term  involving  only  gQI  etc.  For  our 
calculation  E0j  -  Ejq  and  N0j  ■  Njq.  By  performing  the  calculation  in 
this  manner  (taking  the  lowest  value  for  Eg  from  Eq.  (24))  the  variation 


with  respect  to  a0  and  aj  is  automatically  taken  into  account  with  only 
the  variation  with  respect  to  ol  remaining  to  be  performed  numerically. 


V  RECOMMENDATIONS 


In  completing  the  numerical  calculations  associated  with  the  work 
described  in  this  report,  it  is  anticipated  that  plots  will  be  obtained 
for  the  binding  energy  Eg  versus  the  width  L  of  the  GaAs  quantum  well 
layer  for  various  constant  values  of  the  ratio  Vj/V 2  and  for  various 
constant  positions  Z£  of  the  donor  ion  inside  the  well.  In  addition,  a 
more  detailed  investigation  of  the  relationship  between  Eg  and  V1/V2  for 
constant  L  and  n,  and  between  Eg  and  Z£  for  constant  V1/V2  and  L  will  be 
made.  Each  of  chese  relationships  will  aid  in  understanding  and 
characterizing  the  subband  structure  in  GaAs  multilayers  for  the  case  of 
an  asymmetric  quantum  well  configuration. 

As  a  consequence  of  this  calculation  one  can  also  obtain,  by  simply 
forcing  •  V2,  the  binding  energy  for  a  shallow  donor  in  a  square 
quantum  well  as  a  function  of  arbitrary  position  Z£  of  the  impurity  ion. 
Although  the  binding  energy  as  s  function  of  position  z{  has  been 
calculated  for  the  case  where  both  potential  barriers  Vj  and  V2  are 
infinite^,  and  also  for  the  case  of  finite  square  barriers  when  the 
impurity  ion  is  located  at  the  edge  of  the  well^  (z£  ■  +  L/2),  to  our 
knowledge  Eg  has  not  been  calculated  for  a  square  quantum  well  for 
arbitrary  z£. 

A  number  of  offshoots  stemming  from  the  calculation  presented  in 
this  report  seem  feasible.  Perhaps  the  most  immediate  in  terms  of 
further  characterisation  of  these  layered  structures  is  the 


determination  of  the  binding  energy  of  a  Wannier  exciton  in  the 
asymmetric  quantum  well.  An  exciton  is  an  electron  and  hole  bound  by 
their  mutual  Coulombic  attraction  and  such  entities  play  an  important 
role  in  the  understanding  of  absorption  spectra  from  these  systems. 

This  calculation  would  proceed  in  a  fashion  similar  to  that  for  the 
donor  impurity  case  except  that  a  wavefunction  incorporating  the 
presence  of  both  an  electron  and  a  hole  must  be  utilized. 

Other  aspects  that  can  be  studied  in  relation  to  the  present 
calculation  are  the  effects  on  the  binding  energy  due  to  the 
non-pa rabolicity  of  the  conduction  band  or  due  to  the  inclusion  of  a 
magnetic  field;  also  the  calculation  of  excited  state  energies  could  be 
attempted.  Results  from  calculations  such  as  these  would  provide  a  more 
detailed  and  more  comprehensive  characterization  of  the  multilayer 
structure. 
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ABSTRACT 


A  method  for  the  statistical  simulation  of  GaAs  MESFETs  has  been 
tested  by  comparing  simulated  device  data  with  measured  device  data. 
The  Kolmogorov-Smiroov  two-sample  goodness  of  fit.  test  indicated  that 
the  simulated  and  measured  parameter  values  have  the  same  distribution 
in  about  70%  of  the  cases  tested.  The  KESFET  model  used  produces 
correlation  coefficients  between  parameter  values  that  have  realistic 
values  for  all  except  one  device  parameter.  Overall,  the  simulation 
method  seems  to  produce  results  that  are  adequate  for  design  purposes. 
A  statistical  test  od  measured  device  data  indicates  that  the  distance 
separating  two  GaAs  '(ESFETs  has  no  effect  on  correlation. 
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INTRODUCTION 


The  USAF  Avionics  Laboratory  at  Wright-Patterson  Air  Force  Base  has 
been  engaged  in  research  on  GaAs  (gallium  arsenide)  MESFETs  (metal- 
semiconductor  field-effect  transistors)  for  a  number  of  years.  The 
reason  for  this  interest  is  the  potential  that  GaAs  devices  have  for 
high  speed  operation.  GaAs  has  an  electron  mobility  that  is  about  5.5 
times  higher  than  that  of  silicon  at  relatively  low  levels  of  electric 
field  strength  [1].  A  GaAs  device  should  then  be  theoretically  capable 
of  operating  at  speeds  5.5  times  greater  than  an  equivalent  silicon 
device.  GaAs  MESFET  logic  gates  have  been  constructed  which  have  gate 
delay  times  on  the  order  of  100  picoseconds  or  less. 

GaAs  MESFETs  are  constructed  in  a  manner  similar  to  silicon  JFETs, 
with  the  main  difference  being  the  method  of  formation  of  the  gate 
junction.  The  silicon  JFET  gate  junction  is  formed  by  diffusion  while 
the  GaAs  MESFET  gate  junction  is  actually  a  Schottky  barrier  diode 
formed  by  depositing  a  metal  film  (Cr-Pt-Au)  directly  on  the  GaAs 
material  [2]. 

In  order  to  increase  the  operating  speed  of  the  GaAs  MESFET  the 
gate  is  made  with  a  very  small  length  and  a  very  great  width.  For 
example,  some  gate  structures  are  1.0  micrometers  long  and  50  micro¬ 
meters  vide.  Producing  patterns  1.0  micrometers  in  size  is  near  the 
limit  of  the  capabilities  of  optical  lithography,  and  as  a  result,  one 
would  expect  a  large  variability  in  the  values  of  electrical  device 
parameters  which  are  dependent  on  gate  length.  Measured  device  data 
obtained  at  the  Avionics  Laboratory  show  a  very  large  variability  for 
practically  all  parameters.  Other  causes  of  large  parameter  variability 
lie  with  the  relatively  immature  status  of  GaAs  device  fabrication 
technology. 

Because  of  the  large  variabilities  present  in  GaAs  devices,  a 
statistical  approach  to  GaAs  circuit  design  should  be  used.  Of  the 
methods  used  in  statistical  design,  Monte  Carlo  analysis  produces  the 
most  accurate  and  complete  information. 

One  requirement  of  statistical  analysis  and  design  of  electronic 
circuits  is  the  capability  to  statistically  simulate  electronic  devices. 
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In  other  words,  one  must  be  able  to  generate  sets  of  device  parameter 
values  that  have  realistic  joint  probability  density  functions.  This 
meant  that  each  set  of  generated  parameter  values  should  have  a  properly 
shaped  distribution  and  that  the  correlation  coefficients  between  the 
various  parameters  should  be  in  the  proper  ranges. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

The  author  has  previously  developed  a  method  for  the  statistical 
simulation  of  GaAs  MESFETs  [3].  One  object  of  this  SFRP  research 
effort,  therefore,  was  to  assess  the  adequacy  of  the  above  method  of 
simulation.  This  assessment  was  to  be  done  by  generating  simulated 
device  data  and  comparing  it  with  measured  device  data  using  statistical 
tests.  If  required,  the  mathematical  device  model  used  in  the 
simulation  would  be  revised  in  order  to  produce  more  satisfactory 
results. 

Another  research  objective  was  to  try  to  determine  if  the 
correlation  coefficients  between  the  parameters  of  different  GaAs 
MESFETs  on  a  single  chip  was  dependent  on  the  distance  between  the 
devices.  When  simulating  groups  of  devices  it  is  necessary  to  know 
whether  or  not  relative  device  location  must  be  an  input  parameter. 

III.  THE  GAAS  MESFET  MODEL 

Because  of  the  way  that  electron  mobility  varies  with  applied 
electric  field  intensity  in  GaAs,  a  two-region  equation  has  been 
developed  by  Pucel,  Haus,  and  Stats  to  model  the  electrical  behavior  of 
an  intrinsic  GaAs  MESFET  [4,5].  In  one  region  of  the  device,  where  the 
electric  field  is  relatively  weak,  the  mobility  is  assumed  to  be 
constant.  In  the  other  region  the  velocity  of  electrons  is  assumed  to 
be  at  the  constant  saturation  value.  The  dividing  line  between  the  two 
regions  will  depend  on  the  applied  terminal  voltages.  The  two-region 
mathematical  equations  describing  intrinsic  GaAs  MESFET  behavior  are: 
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L,  *  $ J.(m? - )]/(|-mc)  ,  (2) 

and  Ip  ’<1^  V*  *  W  ('-M0  ,  (3) 

where  Vp  =  <^  A/j  ^V2  **  ' 

Ui  -  [(V31  ♦  ^bi)/^]  ^  ,  (i' 

“d  3  S  A  VP  /V*  L  • 


Also,  ^  is  the  saturated  velocity  in  region  2,  L  is  the  total  channel 
length,  V  is  the  gate  width,  uc  is  the  normalized  depletion  layer  width 
at  the  boundary  between  regions  1  and  2,  t  is  the  thickness  of  the 
active  GaAs  layer,  Nj  is  the  concentration  of  donor  electrons  in  the 
GaAs  layer,  C,  is  the  permit ivity  of  GaAs,  is  the  built-in  potential 
of  the  gate  junction,  is  the  electron  mobility  in  GaAs,  L(  is  the 
channel  length  of  region  1,  and  q  is  the  magnitude  of  the  charge  of  an 
electron. 

The  intrinsic  device  model  does  not  account  for  parasitic  source  and 
drain  resistances  which  are  included  in  the  extrinsic  device  model  shown 
in  Figure  1.  The  parasitic  source  resistance  is  given  by 


R, 


0* 

lZ  W  SZ 


The  second  term  in  the  expression  for  R  is  the  contact  resistance  [6]. 
l^t  is  the  distance  from  the  channel  to  the  source  contact  and  is  the 
length  of  the  source  contact.  A  similar  equation  is  used  for  RQ.  The 
extrinsic  equations  are 


Vq^  -  Ip  f  (5) 

and 

v«  =  -v32  ♦  *0%*  •  (6) 


Given  a  pair  of  values  for  V  and  V  and  initial  estimate  for  u  ,  the 


standard  Nevton-Raphson  method  is  used  to  solve  equations  (1)  through 
(6)  for  the  drain  current  Ip  [7]. 

IV.  STATISTICAL  SIMULATION 

Equations  (1)  through  (6)  are  in  terms  of  physical  constants  or 
material  or  dimensional  variables.  These  variables  will  be  referred  to 
as  the  input  physical  parameters.  A  good  assumption  to  make  is  that  the 
input  physical  parameters  are  normally  distributed  random  variables. 
With  the  exception  of  dimensional  pairs  Lfts and  LCJ ,Lcd  all  of  the 
input  physical  parameters  are  assumed  to  be  independent,  or 
noncorrelated.  Sets  of  values  for  the  input  physical  parameters  with 
any  desired  means,  standard  deviations,  and  correlation  coefficients  can 
easily  be  computed  in  seconds  using  a  standard  random  number  generating 
subroutine. 

Once  sets  of  values  for  the  input  physical  parameters  are  obtained, 
then  the  nonlinear  equations  can  be  solved  using  each  set  of  input 
parameters  for  Ip  provided  that  and  V  are  specified.  An  alternate 
solution  is  for  ^  ,  given  values  of  Ip  and  VpJ . 

It  is  desired  to  simulate  the  measurement  of  standard  electrical 
device  parameters  for  the  GaAs  MESFET.  A  set  of  measured  parameters 
that  is  routinely  used  in  the  Avionics  Lab  consists  of  the  following 
parameters: 

1^  -  the  saturation  drain  current  with  2.5v  and  ^f*0v, 

VT  ■  the  pinchoff  voltage,  or  the  value  of  v*s  at  which 
Ip  -0.01xIDSJ. 

RL|I#  ■  the  drain-to-source  resistance  in  the  linear  region, 

■  the  drain-to-source  resistance  in  saturation, 

Rp  “  the  parasitic  drain  resistance, 
and  R^  ■  the  parasitic  source  resistance. 

The  above  parameters  are  illustrated  in  Figure  2,  Other  parameters  are 
measured,  such  as  the  tiansconductance  and  the  knee  voltage,  but  the  six 
listed  above  are  sufficient  to  compute  the  parameters  of  the  Curtice 
model  of  the  CaAs  MESFET  (S]. 

If  the  model  equations  accurately  represent  the  device  electrical 
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behavior,  then  the  computed  electrical  parameter  values  should  have  the 
tame  distributions  and  correlation  coefficients  as  measured  parameter 
values. 


V.  COMPARISON  OF  MEASURED  AND  SIMULATED  RESULTS 

Measured  data  were  obtained  for  about  50  samples  of  each  of  five 
GaAS  MESFETs  that  vere  fabricated  and  tested  in  the  Integrated  Circuits 
facility  at  the  Avionics  Lab.  A  program  was  written  that  computes  the 
means,  standard  deviations,  correlation  coefficients,  and  other 
statistics  for  the  measured  parameters.  The  program  also  plots 
frequency  histograms,  which  allow  one  to  see  the  shape  of  the  parameter 
distributions,  and  the  scatter  diagrams,  which  show  if  the  correlation 
between  two  parameters  is  linear  or  nonlinear.  All  of  the  statistics 
and  plots  vere  generated  for  the  measured  data. 

Previously,  another  computer  program  had  been  written  to  perform 
the  statistical  simulation  referred  to  earlier.  A  trial  and  error 
procedure  was  used  in  order  to  determine  the  values  of  the  input 
physical  parameters  that  gave  the  best  fit  for  each  of  the  five  devices. 
These  values  are  listed  in  Table  i. 

Using  the  best  fit  input  parameters  the  statistical  simulation 
program  was  run  and  produced  the  same  type  of  data,  statistics,  and 
plots  as  for  the  measured  data.  The  Kolmogorov-Smirnov  two-sample 
goodness-of-f it  test  (9,10)  was  performed  in  order  to  compare  the 
simulated  and  measured  parameter  distributions.  The  results  of  the  K-S 
test  are  listed  in  Table  2,  where  it  is  seen  that  46. 7Z  of  the  test 
statistics  are  less  than  the  critical  value  at  a  level  of  significance 
of  0.9:'*.  This  means  that  for  those  cases  the  hypothesis  that  the 
measured  and  simulated  distributions  are  the  same  cannot  be  rejected. 

Figure  3  shows  two  superimposed  frequency  histograms  for  which  the 
K-S  statistic  is  0.33.  From  a  practical  point  of  view,  and  with  a  small 
sample  sise,  the  two  distributions  seem  to  have  an  acceptable  match. 
Using  0.33  as  a  critical  value  we  see  that  76. 7Z  of  the  parameters  in 
Table  2  then  have  an  acceptable  match  between  measured  and  simulated 
distributions. 


IQ  Table  3  are  listed  the  computed  correlation  coefficients  for  the 
simulated  and  measured  device  parameters.  Although  no  statistical  test 
vas  performed,  one  can  see  that  the  correlation  coefficients  match  quite 
veil.  There  is  one  exception  in  the  case  of  parameter  for  which 
the  measured  and  simulated  correlation  coefficients  have  the  opposite 
signs.  It  is  believed  that  this  discrepancy  is  due  to  the  two-region 
GaAs  MBSFET  model  not  being  perfectly  descriptive  of  device  behavior. 
There  are  many  assumptions  and  simplifications  in  the  derivations  of 
equations  (1)  through  (6). 

VI.  TESTING  FOR  THE  DISTANCE  EFFECT  OH  PARAMETER  CORRELATIONS 

When  simulating  groups  of  devices,  as  when  performing  a  Mcnte  Carlo 
analysis  of  an  integrated  circuit,  we  will  have  to  accouit  for  the 
correlation  between  parameters  of  different  devices  as  well  as  for  the 
correlation  between  parameters  within  a  single  device.  Previous  work 
has  indicated  that  the  closer  together  two  devices  are  placed  on  a  chip 
or  substrate,  the  more  highly  correlated  their  parameters  will  be 
[11,12]. 

The  correlation  coefficients  between  like  parameters  on  the  various 
devices  (e.g.,  between  I^1A  and  Ip&&f)  were  computed  and  the  linear 
distances  separating  the  device  centers  were  measured.  These  values  are 
shown  in  Table  4(a).  Since  it  is  difficult  to  determine  behavioral 
trends  with  such  large  variations  as  are  shown,  a  linear  regression  line 
was  computed  for  each  correlation  coefficient.  A  statistical  test  [13] 
was  then  performed  to  see  if  the  slope  of  the  line  is  not  significantly 
different  from  aero,  or  in  other  words,  that  there  is  no  distance 
effect.  The  results  of  the  ntN  test  are  also  listed  Table  4(a).  The 
test  results  show  that  there  is  no  test  statistic  greater  than  the 
critical  value  of  1.86  at  a  level  of  significance  of  0.95.  Therefore, 
it  is  concluded  that  we  cannot  reject  the  hypothesis  that  the  slope  of 
the  regression  line  is  equal  to  xero. 

This  test  was  repeated  for  the  identical  devices  on  a  second  wafer. 
These  results  arc  listed  in  Table  4(b).  It  is  seen  that  in  only  one 
case  can  we  reject  the  hypothesis  that  the  slope  is  equal  to  xero. 


VII.  CONCLUSIONS 


The  results  of  statistical  tests  on  simulated  and  measured 
parameter  data  for  GaAs  MESFETs  indicate  that  the  method  of  statistical 
simulation  employing  the  two-region  model  produces  an  acceptable 
simulation  for  pracHcal  use.  The  simulation  is  not  an  exact  one  and 
one  parameter,  R^,  does  not  have  the  correct  correlation  with  respect 
to  the  other  parameters. 

A  test  of  measured  data  from  two  wafers  indicates  that  the 
correlation  between  parameters  of  two  devices  is  not  dependent  on  how 
closely  the  two  devices  are  placed  together.  This  result  may  be  due  to 
the  very  large  variabilities  present  in  GaAs  MESFET  parameters.  If  this 
result  is  true,  then  the  task  of  simulating  groups  of  devices  will  be 
simplified. 

VIII.  RECOMMENDATIONS 

Although  the  method  of  statistical  simulation  of  GaAs  MESFETs 
appears  to  be  acceptable  from  a  practical  point  of  view,  there  are  some 
deficiencies  in  the  method,  particularly  the  correlation  of  with  the 
other  parameters.  Follow-on  research  should  include  a  search  for  and 
trial  of  other  MESFET  mathematical  models  in  the  statistical  simulation 
method. 

The  simulation  method  used  in  this  effort  simulates  individual  GaAs 
MESFET  devices.  When  performing  Monte  Carlo  analyses  of  integrated 
circuits  it  is  necessary  to  simulate  groups  of  devices  with  correlation 
between  the  parameters  of  different  devices.  The  statistical  simulation 
method  should  be  extended  to  simulate  groups  of  devices  and  then  should 
be  coupled  with  a  circuit  analysis  program,  such  as  SPICE2,  to  produce 
Monte  Carlo  analyses. 

Further  research  can  make  use  of  the  above  mentioned  Monte  Carlo 
analysis  program  to  study  GaAs  circuit  designs  and  to  develop  Monte 
Carlo  analysis  as  a  circuit  design  tool. 
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Table  1.  Best  fit  input  parameters  for  statistical  simulation 


Device 

1  Nd 

1  (cm-3) 

1 

J_ 

vs  1 
(cm/sec) 1 

t 

(cm) 

1  Vk; 

1  (volts) 

A 

1 

1  0.78x10 

1 

1 

1 

i  ' 

1.3x10  1 

0.25xl0"4 

1  0.8 

B 

1  0.73xl0IT 

1 

1 

1 

1.6X101  1 

1 

It 

1  " 

C 

1  0.65xl0'7 

1 

1 

1 

1.7xl07  1 

1 

It 

1  " 

D 

1  0.78x10''' 

1 

1 

1 

1.3x10**  1 

1 

IT 

1  " 

E 

| 

1  0.78X1011 

1 

1 

1 

1 

1.3X101  1 

1 

1 

II 

1  '* 

Table  2.  Results  of  the  Kolmogorov-Smirnov  test  on  simulated  and 
measured  device  parameter  data. 

I _ K-S  test  statistic  value _ 


Parameter 

1  A  1 

B  I 

C 

D 

E 

XOSS 

1  1 
1  0.272**  | 

0.128*  1 

0.225* 

0.199* 

0.169* 

RC*/ 

1  0.530  1 

|  | 

0.211*  1 

0.110* 

0.220* 

0.272** 

RUW 

1  0.287**  | 

1  1 

0.198*  1 

0.437 

0.514 

0.546 

Rp 

i  1 

I  0.296**  | 
1 

0.237**  I 

0.232 

0.204* 

0.589 

Rs 

1  0.309**  1 

i  i 

0.229**  1 

0.211 

0.361 

0.384 

_ Yl _ 

wm 

0.128*  1 

-JOZ1LJ 

0.249** 

0.196* 

Table  3.  Computed  parameter  correlation  coeffients.  The  upper  number 

in  each  box  was  computed  from  measured  data  and  the  lover  from 
simulated  data. 


Table  4 


Correlation  coefficients  vs.  distance  for  interdevice 
parameters,  (a)  Results  for  wafer  I.  (b)  Summary  of 
results  for  wafer  II. 


1  Correlation  Coefficient 

Device 

Pair 

1  Distance 
!  (mils) 

rIDSS 

rRLIN 

rR0N 

rRD 

rRS 

rVT 

rGM 

D-E 

1  11.3 

1 

1  0.895 

1 

0.803 

0.519 

0.386 

0.544 

0.901 

0.532 

A-B 

14.3 

1  0.913 

i 

0.909 

0.542 

0.781 

0.906 

0.906 

0.759 

C”E 

1  32.0 

1 

1  0.886 

1 

0.840 

0.420 

0.459 

0.492 

0.895 

0.443 

A-C 

1  37.3 

1 

1  0.927 

1 

0.923 

0.595 

0.720 

0.933 

0.907 

0.807 

B-C 

1  37.7 

1  0.914 

t 

0.915 

0.435 

0.881 

0.931 

0.908 

0.819 

C-D 

1  42.0 

1 

1  0.900 

1 

0.855 

0.605 

0.788 

0.932 

0.900 

0.682 

B-E 

1  58.8 

!  0.910 

1 

0.859 

0.378 

0.422 

0.510 

0.911 

0.540 

A-E 

I  66.7 

1  0.889 

I 

0.820 

0.481 

0.404 

0.520 

0.907 

0.554 

B-D 

1  70.3 

1  0.893 

I 

0.843 

0.289 

0.825 

0.907 

0.905 

0.667 

A-D 

1  75.7 

1  0.944 

0.946 

0.600 

0.783 

0.928 

0.942 

0.780 

Slope 

_ (milif4) 

1  1.72 

1  xlO*4 

2.83 

xlO*4 

-1.30 

xl(fJ 

1.16 

xlO'* 

8.58 

xlO*4 

3.30 

xlO*4 

4.08 

xlO*4 

"t"  _ 

1 

1  0.076 

0.130 

-0.99 

0.72 

0.15 

0.2? 

(a) 


t(critical)-! .86  8  0.95  level  of  significance 


Slope  1 

-1.19 

1.13 

-3.81 

-2.33  -5.43  -3.66 

-2.67  _ 

(nil.*1)  1 

mssi 

xlO** 

wm 

1 

"t"  »t»tutic _ L 

-9,?7 

-3,31* . 

-1.51  -0.30  -0.19 

-L79 

*  critical  value  exceeded 


(b) 
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The  Delivery  Accuracy  Working  Group  (DAWG)  has  recently  begun  to 
produoe  delivery  accuracy  figures  for  ungulded  air- to-sur face  bomba 
launched  by  high  perfomance  aircraft.  This  report  contains  a  description 
and  a  critical  study  of  the  nethodology  behind  the  production  of  these 
figures.  In  addition,  the  predicted  range  errors  are  ooapared  to  actual 
errors  observed  in  training  tests  for  the  Pill  A/E  aircraft. 

Rcco— endatlona  are  put  forth  for  inproveaents  in  delivery  aceuraoy 


analysis. 
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I.  INTRODUCTION: 


The  ability  to  correctly  predict  the  accuracy  with  which  unguided 
bomba  can  be  delivered  from  high  performance  aircraft  under  a  variety  of 
conditions  plays  an  important  role  in  both  the  development  of  weapons 
systems  and  their  implementation  in  combat  situations.  Clearly  the 
accuracy  of  projected  weapons  systems  should  be  a  significant  factor  in 
making  procurement  decisions.  In  combat,  the  level  of  accuracy  of 
various  weapons  systems  is  an  essential  ingredient  in  determining  bomb 
loads  and  numbers  of  sorties  against  prescribed  targets. 

Although  the  study  of  bomb  Impact  patterns  is  almost  as  old  as 
bombing  itself,  technological  developments  have  made  these  traditional 
studies  Inapplicable  to  the  weapons  delivery  systems  in  modern 
aircraft.  For  instance  the  development  of  advanced  computer-guided 
tracking  and  release  equipment  has  decreased  and/or  changed  the  role  of 
the  aircrew  in  weapons  delivery.  In  addition,  the  presence  of  highly 
sophisticated  defensive  firepower  in  target  areas  has  made  the  usual 
constant  flight  path  deliveries  extremely  hazardous,  if  not  impossible. 
Consequently,  there  is  a  trend  towards  deliveries  in  which  the  aircraft 
performs  complicated  maneuvers  relatively  far  from  the  target  and  the 
bombs  are  released  automatically  when  the  aircraft  reaches  a  computer- 
designated  state. 

The  analysis  of  delivery  accuracy  in  such  settings  is  a  complex 
undertaking.  Initially  it  involves  a  study  of  the  trajectory  of  a  given 
weapon  to  determine  the  appropriate  launch  parameters  required  for  the 
weapon  to  strike  the  target  (for  a  given  aircraft  maneuver).  Next  the 
components  of  an  entire  delivery  proce.-^  must  be  analyzed  in  order  to 
identify  those  sources  of  error  in  the  realization  of  these  ideal 
parameters.  These  errors  are  both  mechanical  and  pilot- Induced  in 
nature  and  may  be  affected  by  external  factors  such  as  the  quality  of 
the  radar  image  of  the  target,  the  stress  under  which  the  aircrew  is 
operating,  or  the  wind  conditions.  Having  Identified  these  sources  of 
error,  the  analyst  must  attempt  to  quantify  them  and  deduce  their 
combined  effects  on  the  trajectory  of  the  weapon.  The  final  step  in  the 
accuracy  analysis  is  to  compare  the  theoretical  accuracy  with  data  on 
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weapons  accuracy  gathered  from  actual  combat  or  training  records.  This 
comparison  is  usually  greatly  complicated  by  the  poor  quality  of  such 
records. 

In  sum,  the  problem  of  establishing  delivery  accuracy  is  both 
important  and  difficult.  Because  of  its  difficulty  there  has  been  a 
tendency  in  the  past  to  shy  away  from  fully  exploring  the  technical 
issues  and,  instead,  to  rely  on  the  experimental  data  to  establish 
accuracy  figures.  But  the  lack  of  combat  experience  with  the  newer 
equipment  and  the  often  prohibitively  high  cost  of  obtaining  sufficient 
training  data  suggest  that  the  technical  analysis  will  have  to  be 
carried  out  if  realistic  delivery  accuracy  figures  are  to  be  obtained. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 

An  intraservioe  group,  the  Delivery  Accuracy  Working  Group  (DAWG)f 
is  charged  with  establishing  delivery  accuracy  estimates  for  aircraft 
weapons  systems  as  part  of  their  task  of  updating  the  Joint  Munitions 
Effectiveness  Manual  on  Delivery  Accuracy  for  air- to- surface  weapons. 
DAWG  is  now  in  the  final  stages  of  producing  the  estimates  for  ungulded 
bombs  which  will  be  Included  in  the  revised  manual. 

Mr  Dan  Mclnnis,  a  member  of  DAWG  and  my  research  colleague, 
suggested  that  I  evaluate  these  proposed  delivery  accuracy  figures.  The 
basic  objectives  of  this  effort  were: 

(i)  to  determine  if  the  approach  being  used  by  DAWG  was  valid; 

(ii)  to  statistically  ccapare,  to  the  extent  possible,  the  DAWG 
estimates  with  whatever  relevant  training  and  test  data  that  could  be 
found; 

(Hi)  to  make  recommendations  suggesting  new  or  difr»rent 
avenues  of  approach  which  would  improve  the  analysis  of  delivery 
accuracy  and  would  be  applicable  to  future  developments  in  the  weapons 
delivery  field. 


III.  CURRENT  METHODS  OF  COMPUTING  DELIVERY  ACCURACY: 


In  order  to  define  delivery  accuracy  for  unguided  bomba  four 
oategoriea  of  information  muat  be  apecified:  The  particular  aircraft 
and  its  equipment,  the  flight  path,  relevant  external  factors,  and  the 
boat  type.  Aircraft  equipment  includes  the  specific  measuring  devices 
used  to  looate  the  aircraft  both  absolutely  and  relative  to  the  target 
as  well  as  the  means  by  which  the  target  is  designated  and  bomb  release 
comsanded.  The  flight  path  refers  to  the  exact  description  of  the 
aircraft  trajectory  and  configuration  prior  to  and  at  bomb  release. 
External  factors  which  affect  accuracy  Include  such  conditions  as  type 
of  target,  the  amount  of  stress  on  the  aircrew,  and  wind  conditions. 
Finally,  the  bomb  type  refers  to  the  ballistic  properties  of  the  bomb. 

A  specification  of  all  of  this  information  will  hereafter  be  called  the 
launch  condition. 

A  standard  theoretical  approach  to  the  accuracy  problem  can  be 
formulated  as  follows  for  a  given  launch  condition.  First  the 
trajectory  is  computed  under  the  assumption  that  the  launch  condition  is 
satisfied  exactly.  Then  each  measurement  device  in  the  system 
(Including  pilot /navigator  judgements)  which  could  cause  a  deviation 
from  the  desired  launch  condition  through  an  incorrect  reading  is 
identified.  For  convenience  we  index  these  error  sources  by  t  ,  i  *  i, 
..,n  and  denote  the  reading  given  by  device  i  as  /|.  and  the  true 
value  of  the  quantity  being  measured  as  %'t.  Given  the  lanuch  parameter 
values  the  bcmb  impact  point  can  be  theoretically  computed 

aa  a  two-dimensional  vector-valued  function 

which  gives  the  coordinates  in  the  ground  plane.  These  two  coordinates 
are  usually  taken  to  be  the  range  (along- trick)  and  deflection 
(cross-track)  components.  When  the  readings  are  all  correct  i.e. 

V  ***  v*lue 

^  ^  i  >  •  •  »  n  ^ 

yields  the  nominal  impact  point  for  the  given  specifications  (which  we 
call  the  target). 


g Tm 
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%  s 


The  values  can  be  thought  of  as  random  variables  with  means  Mi 


and  variances  0^ 
variable 


Then  the  distribution  of  the  two-dimensional  random 


i  =  -  ‘ju,,...,**')  (o 

represents  the  theoretical  error  distribution  for  the  prescribed  launch 
condition.  It  is  important  to  note  that  the  distribution  of  the 
will  depend  on  the  specified  launch  condition.  As  examples,  the  error 
in  the  altimeter  will  depend  on  ’;he  altitude  while  the  magnitude  of 
error  in  the  radar  reading  for  range  to  target  will  depend  upon  the  type 
of  target.  In  any  case  the  determination  of  the  distribution  of  £  or, 
more  realistically,  the  estimation  of  its  parameters  is  the  core  of  the 
theoretical  study  of  delivery  accuracy. 

As  an  example  (relevant  to  the  DAWG  approach),  if  it  is  assumed 
that  the  Xj  are  independent  random  variables  then  the  assumption  that 
is  a  linear  funotion  of  the  Xlf  i.e., 

n  lx  *  \  -  TV  ft.X:  (V) 


aCx,t...X^  =  21 

•  lz\ 


where  the  &•  are  two-dimensional  vectors,  results  in 


two-Ji 


M'i  -a'  i 


fr*  =  l0 

where  the  can  be  calculated  directly  by 

Thus,  if  the  On  are  known,  the  means  and  standard  deviations  of  2.  can 
be  obtained  by  computing  v\  trajectories,  each  corresponding  to  the 
inclusion  of  a  single  error  source. 

There  are  a  variety  of  error  sources  which  comprise  the  Xj  . 

Omitting  ballistic  error  due  to  the  boob  itself,  they  can  be  divided 
into  three  classes;  sensor  errors,  pilot  errors,  and  post-release 
errors.  Sensor  errors  represent  errors  in  the  navigational  and 
targeting  equipment  such  as  altimeter  and  radar  range  finder.  Pilot 
errors  are  Judgement  errors  of  the  aircrew.  For  example  a  pilot  may 
have  the  hud  pipper  slightly  off  target  when  the  boob  is  released.  Post- 
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release  errors  represent  errors  in  the  mechanisms  which  release  the  bomb 
from  the  aircraft.  Examples  include  time  delays  in  release  and  ejection 
velocity  errors. 

The  determination  of  the  properties  of  the  distribution  of  2r 
depends  upon  the  joint  distribution  of  the  X^  .  It  is  traditional  to 
assume  that  the  X[  are  independently  normally  distributed.  There  is 
little  hard  evidence  available  to  justify  this  assumption  however.  For 
the  sensor  and  post-release  errors,  the  values  of  the  tTJ  are  often 
estimated  from  test  data  on  the  equipment  or  from  manufacturer's 
specifications.  For  pilot  errors  the  estimation  is  not  at  all  simple. 

In  some  cases,  such  as  parallax  effects,  errors  can  be  estimated  from 
the  geometry.  In  other  cases,  as  for  instance  in  time-to-reaction 
errors,  there  is  no  clear  theory  available  and  estimates  are  often 
worst-case  assumptions. 

The  DAWG  approach  to  approximating  the  distribution  parameters  for 
t  is  based  on  the  following  basic  assumptions. 

(i)  The  Xi  are  independently  distributred  normal  variables,  and 

(ii)  The  function  i»  well-approximated  by  a  linear 

function  of  the  X^. 

Vlth  these  assumptions  and  given  estimated  values  for  the  OJ,  the 
estimates  of  the  parameters  of  t  important  to  delivery  accuraoy  can  be 
obtained  through  the  use  of  equations  U\  -  (>\  The  evaluation  of  the  Q 
in  requires  obtaining  the  terms  on  the  right-hand  side  of  that 
equation.  The  vehicle  for  obtaining  these  values  is  the  weapons 
delivery  routine  of  the  Avionics  Evaluation  Program  (AEP)  (see  reference 
2).  This  routine  integrates  the  equations  of  motion  of  the  aircraft  and 
bomb  under  the  hypothesized  condition  to  evaluate  *hen 

®valuate<1  cither  by  Integrating  the  equations  of 
motion  for  the  perturbed  system  or  by  estimating  the  value  of  using  a 
linear  approximation  of  the  geometry  of  the  delivery  configuration. 

In  order  to  obtain  values  for  the  OJ  ,  DAWG  has  Investigated 
specifications  for  the  equipment,  looked  at  test  results,  and  talked  to 
aircrews  and  engineering  personnel.  Synthesizing  this  soft  data  they 
have  come  up  with  sets  of  values  of  the  <T  which  reflect  flight  path 
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conditions  and  given  external  factors.  Any  confidence  in  the  figures  in 
the  DAWG  delivery  accuracy  tables  reflects  a  confidence  in  the  validity 
of  these  estimates  for  the  Cr^  . 

One  other  special  error  included  in  the  DAWG  approach  should  be 
mentioned  here.  Because  the  AEP  subroutine  makes  some  simplifying 
assumptions  in  the  calculations  of  trajectories  there  are  some  errors  in 
the  calculated  values  of  the  components  of  1.  The  DAWG  approach  is  to 
allot*  for  the  effect  of  this  error  by  adding  a  general  term  to  the  value 
of  This  is  called  the  bomb  fall  algorithum  error  and  is  discussed 

further  in  Section  VI. 

IV.  Fill  DATA  BASE: 

One  objective  of  this  research  effort  was  to  compare  the  DAWG 
figurs  with  actual  test  data  for  different  airoraft  systems  and  launch 
conditions.  Unfortunately  there  is  a  paucity  of  such  data.  The  only 
usable  data  was  a  record  of  training  runs  for  Fill  A/E  aircraft  at  various 
ranges  during  1979  and  1980. 

This  data,  in  its  raw  form,  consisted  of  report  sheets  filled  out 
by  the  aircrews.  In  many  cases  the  reports  were  incomplete  and 
sometimes  they  were  unintelligible.  This  data  was  compiled  and  tabulated 
by  the  Oklahoma  State  University  station  at  Eglin  AFB  and  placed  on  a 
computer  file.  The  resulting  file  consists  of  the  records  of 
approximately  3000  individual  bombs  drops.  Most  of  the  records  contains 
the  altitude  and  dive  angle  at  which  the  bomb  was  released  as  well  as  the 
radial  miss  distance  and  the  deflection  angle  of  the  impact-point.  In 
addition,  the  records  included  the  tactic  used  in  each  run.  The  tactic 
encompassed  the  mode  of  delivery  (radar  or  visual),  the  maneuver  (constant 
flight  path  angle  or  loft),  and  the  bomb  type  (high  or  low  drag)^  * 

From  this  data  base,  a  set  of  launch  conditions  were  chosen  such 
that  for  eaoh  condition  there  were  enough  completely  reported  runs  to 
Justify  a  statistical  analysis  of  the  results.  Tnis  set  is  displayed  in 
Table  1.  In  that  table  Rsradar,  Vs  visual,  Csconstant  flight  path 
angle,  Ls  loft,  HDzhlgh  drag,  and  LD*low  drag.  The  dive  angle  is  given 
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in  degrees  measured  counterclockwise  from  the  horizontal  and  the 
altitudes  are  measured  in  feet. 


ft* 


tv 


& 


"ft 

\ 


[v 

Cv 

■  V 


K' 


K- 


A 


-s 


otic  # 

Mode 

Maneuver 

Bomb 

Angle 

Altitudes 

11 

V 

C 

HD 

0 

200,500 

13 

V 

C 

LD 

-10 

750 

14 

R 

C 

HD 

0 

200,400,500,1000 

16 

R 

L 

LD 

20 

500 

Table  1 .  Launch  Conditions  Analyzed 


In  Table  2  the  number  of  runs,  the  sample  mean,  X,  and  the  sample 
standard  deviation, S  ,  of  the  range  component  of  the  miss  for  the 
various  launch  conditions  are  presented.  Only  the  range  errors  are 
studied  in  this  report.  Generally  the  deflection  errors  are  muoh 
smaller  than  the  range  errors  and  hence  the  statistical  fluctuations  are 
less.  It  was  felt  that  any  differences  between  the  DAWG  figures  and  the 
training  data  would  be  more  easily  detected  in  the  range  errors. 


Tactic  # 

Altitude 

Sample  Size 

X 

5 

11 

200 

156 

-25 

196 

11 

500 

27 

-100 

382 

13 

750 

130 

9 

171 

14 

200 

81 

-17 

243 

14 

400 

107 

-38 

235 

14 

500 

101 

55 

320 

14# 

400-500 

208 

6 

282 

14 

1000 

59 

105 

332 

16 

500 

*12 

-77 

737 

Table  2.  Sample  Data 


97-10 


It  should  be  emphasized  that  this  data  is  refined  from  poorly 
recorded  aircrew  observations.  Thus,  the  recorded  altitudes  and  dive 
angles  at  release  are  not  to  be  taken  as  exact.  In  the  starred  entry  in 
Table  2,  the  results  of  runs  at  400  and  500  feet  altitudes  for  tactic 
14  have  been  combined  as  a  further  aid  in  analysis.  A  missing  factor  in 
the  above  data  is  the  airspeed  of  the  aircraft  at  delivery.  Although 
not  recorded  on  the  aircrew  sheets  all  the  deliveries  were  reported  to 
be  executed  at  "about  500  knots".  As  will  be  seen,  this  omission  is 
compensated  for  by  condering  theoretical  deliveries  in  the  range  of 
450-550  knots. 

It  is  generally  assumed  that  a  normal  distribution  fits  bomb  data 
reasonably  well.  Accordingly,  3imple  chi-square  tests  were  performed 
for  each  of  the  launch  conditions  to  determine  if  the  data  could  be 
assumed  to  be  taken  from  a  normal  distribution  with  mean  0.  No  reason 
was  found  to  reject  that  hypothesis. 

V.  COMPARISON  OP  DAWG  FIGURES  AND  F-111  DATA: 

(This  section  is  classified) 

VI.  CONCLUSIONS  AND  RECOMMENDATIONS: 

A.  Comments  on  the  DAWG  figures 

As  was  observed  in  the  preceding  section  there  is  little 
agreement  between  the  DAWG  predicted  accuraoy  and  the  accuracy 
represented  by  the  Fill  training  data.  Unfortunately,  it  is  difficult 
to  tell  which,  if  either,  of  the  seta  of  data  reflects  the  actual 
delivery  accuracy  of  the  Fill  A/E  aircraft. 

On  the  one  hand,  the  training  data  was  culled  from  very  sketchy 
reports  written  by  the  aircrews  on  completion  of  their  runs.  Inspection 
of  those  sheets  leads  one  to  question  whether  even  the  tabluated  data 
oan  be  taken  seriously.  As  an  example  of  the  discrepancies,  some  crews 
had  reported  miss  distances  in  the  wrong  units  and  although  some  of 
these  mistakes  were  caught  it  is  readily  conceivable  that  many  were 
not.  This  exercise  illustrates  the  folly  of  trying  to  do  delivery 
accuracy  analysis  on  the  basic  of  tests  not  designed  for  that  purpose. 


The  more  relevant  question  for  this  report  is  the  validity  of  the 
DAWG  figures.  There  is  much  that  is  praiseworthy  in  the  derivation  of 
these  figures.  DAWG  has  done  a  good  job  of  tracking  down  the  sources  of 
error  in  the  delivery  systems  and  in  ascertaining  the  dependence  of 
these  errors  on  the  launch  conditions.  Moreover,  they  have  made  a  start 
in  the  more  complex  task  of  isolating  possible  pilot  errors  in  the 
system.  These  investigations  are,  to  my  knowledge,  the  first  studies 
undertaken  along  these  lines  and  they  suggest  a  methodology  for 
standardizing  ;he  analysis  of  delivery  accuracy.  (See  the 
recommendations  below). 

It  is  the  translation  of  this  analysis  of  error  sources  into 
quantitative  form  that,  in  my  opinion,  puts  the  DAWG  results  on  shaky 
ground.  There  are  two  primary  reasons  for  my  skepticism  concerning  the 
DAWG  figures.  Pirst,  in  attempting  to  distill  the  contribution  of  each 
error  source  into  a  single  number  (in  the  absence  of  any  data  from  tests 
designed  to  provide  this  information)  they  are  potentially  Injecting 
a  large  error  into  the  calculations.  As  seen  in  Section  V,  the  total 
error  is  often  very  sensitive  to  a  few  specific  errors.  Second,  the 
assumptions  of  normality,  independence,  and  linearity  (described  in 
Section  III)  required  by  the  use  of  the  AEP  program  are  probably 
unwarranted.  In  fact,  the  procedure  implicitly  recognizes  the 
nonlinearity  of  one  part  of  the  process  by  Including  an  absolute  error, 
called  the  bomb  fall  algorlthum  error,  to  compensate  for  the  fact  that 
the  linearized  computations  of  the  AEP  program  are  not  accurate. 

B.  Recommendations 

1 .  The  use  of  the  AEP  program  for  delivery  accuracy  analysis 
should  be  discontinued.  A  new  model  should  be  developed  which  will: 

(a)  make  full  use  of  modern  computer  software  technology;  (b)  provide  an 
adequate  simulation  procedure  for  analyzing  the  effect  of  all  errors; 
and  (c)  allow  three-dimensional  flight-paths. 

The  AEP  program  is  at  least  10  years  old  and  therefore  does  not 
take  advantage  of  the  many  imnproveaents  in  computer  technology  which 
would  enable  a  quicker  and  more  accurate  anlayais  of  aircraft  and  weapons 
trajectories.  Moreover,  the  limitation  caused  by  the 
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one-error-at-a-time  calculations  of  AEP  precludes  good  statistical 
analysis  of  the  delivery  accuracy.  Finally  the  AEP  package  is  severely 
restricted  in  the  type  of  flight  paths  it  will  accept.  Loft  deliveries 
are  permitted  only  by  ad  hoc  additions  to  the  program  and 
three-dimensional  flight  paths  are  not  possible.  In  the  future  it  is 
likely  that  these  more  complex  flight  paths  will  become  common.  (See, 
for  example,  references  3  and  4). 

2.  The  effects  of  equipment  errors  and  aircrew  errors  should 
be  analyzed  separately.  That  is,  a  detailed  error  analysis  should  be 
oarried  out  for  each  launch  condition  assuming  that  the  aircrew 
performs  faultlessly.  A  separate  analysis  should  then  be  done 
incorporating  only  aircrew  errors. 

The  advantages  of  this  approach  are  two-fold.  First,  it  is  quite 
reasonable  to  expect  that  a  very  accurate  statistical  analysis  can  be 
done  where  only  equipment  errors  are  included.  It  should  be  possible, 
say,  by  comparing  on-board  equipment  readings  with  highly  accurate 
ground  radar  or  laser  fixes,  to  obtain  good  sample  estimates  of  the 
parameters  of  the  distribution  of  the  errors  in  the  instrument  readings. 
This  would  include  determination  of  the  dependence  of  the  instrument  errors 
on  the  flight  path  characteristics  as  well  as  the  correlation,  or  lack 
thereof,  among  the  individual  errors.  Given  this  data  it  would  be 
possible,  using  an  appropriate  simulation  program  (as  envisioned  in 
recommendation  1),  to  obtain  good  sample  estimates  for  the  distribution  of 
impact  errors  as  well  as  confidence  intervals  for  these  estimates.  A 
second  advantage  of  this  approach  is  that  it  would  result  in  an  optimal 
system  accuracy  standard.  That  is,  the  resulting  impact  error  distribution 
would  represent  the  best  attainable  given  the  equipment  used.  The  skill 
and  stress  performance  of  the  aircrew  would  not  be  a  factor. 

As  suggested  above,  aircrew  errors  could  be  studied  separately. 

Using  the  DAWG  analysis  as  a  starting  point,  further  research  could  be 
done  on  obtaining  statistical  measures  of  these  errors  as,  for  example,  a 
function  of  training.  It  would  seem  plausible  to  study  these  errors  on 
airoraft  simulators.  Once  these  aircrew  errors  were  quantified  it  would 
be  an  relatively  simple  matter  to  superimpose  them  on  the  Instrument 


errors  and  use  the  simulation  program  to  obtain  overall  accuracy 
figures. 

3.  As  a  final  recommendation,  I  would  reiterate  a  suggestion 
that  has  been  implicit  in  all  of  the  foregoing.  Namely,  that  tests  of 
aircraft  instruments  and  pilot  skills  be  designed  and  carried  out 
specifically  for  delivery  accuracy  analyses.  The  impression  I  have 
gained  in  my  research  is  that  delivery  accuracy  data  is  obtained  only  as 
a  byproduct  of  other  missions,  e.g.  aircrew  training,  bomb  damage,  etc. 
Since  weapons  effectiveness  ultimately  depends  on  delivery  aeouracy,  it 
makes  good  sense  to  undertake  a  serious  effort  to  obtain  meaningful 
figures • 
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A  stochastic  theory  for  use  in  the  study  of  the  dynamics  of  fully 

$ 

compressible  turbulence  is  presented  for  the  case  where  the  turbulence 
is  isotropic.  It  is  shown  that  the  time-decay  of  all  correlation  ten¬ 
sors  encountered  in  this  theory  is  dependent  upon  the  equations  of  both 
continuity  and  Navier-Stokes ;  the  qualitative  implication  of  this  kine- 
matic-kinetical  ’’coupling"  is  that  in  the  formulation  of  an  appropriate 
"closure",  kinematic*  (and  kinematical  constraints)  must  be  explicitly 
included  in  the  closure  scheme.  A  closure  is  formulated  by  adapting  the 


method  of  "modified  tensor  invariants". 
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I.  INTRODUCTION:  The  U.S.  Air  Force,  through  its  Weapons  Laboratory 


at  Kirtland  AFB,  is  critically  interested  in  determining  the  effects 
of  a  turbulent  fluid  flow  on  the  integrity  of  a  monochromatic  electro¬ 
magnetic  wave  as  the  wave  propagates  through  the  flow.  One  of  the 
fluid  parameters  which  (indirectly)  affects  this  integrity  is  the 
turbulent  velocity,  u(x,t),  and  the  equation  which  governs  the  space- 
time  behavior  of  u(x,t)  is  the  Navier-Stokes  equation  of  fluid  dynamics. 
This  equation,  being  a  nonlinear  partial  differential  equation  in  the 
stochastic  variable  u(x,t),  can  be  solved  in  the  stochastic  sense  only 
by  formulating  a  "closure”  for  the  appropriately  statistically-averaged 
equation.  Since  the  author  recently  had  published  some  research  results 
on  the  problem  of  "turbulence  closure"  (in  the  case  of  incompressible 
turbulence),  and  since  the  Air  Force  is  particularly  interested  in  the 
effects  of  compressibility,  the  author  was  assigned  to  ARLB  to  extend 
his  recent  closure  work  to  the  case  of  compressible  homogeneous  iso¬ 
tropic  turbulence. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT:  The  research  effort  had  two 
goals,  and  these  remained  unchanged  throughout  the  ten-week  tenure.  The 
first  goal  was  to  test  the  appropriate  theoretical  predictions  of  a  re¬ 
cently  developed  closure  scheme  for  homogeneous  isotropic  incompressible 
turbulence  by  comparing  these  predictions  with  existing  atmospheric 
turbulence  data;  the  second  was  to  extend  that  theory  to  the  case  of 
compressible  turbulence.  The  first  goal  could  not  be  achieved  because 
the  available  data  was  not  in  a  form  amenable  to  the  requirements  of 
the  theory.  The  approach  taken  toward  the  attainment  ot  the  latter 
goal  was  the  theory  o!  "modified  tensor  invariants". 
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III.  THEORETICAL  PRELIMINARIES:  Various  facets  of  the  fundamental 


statistical  theory  of  the  dynamics  of  compressible  turbulence  have 
been  proposed ,  formulated,  and  studied  by  several  researchers1"'11; 
the  relation  of  compressible  turbulence  to  the  generation  of  sound  is 
analyzed  in  such  works  (among  others)  as  Refs.  12-1 7 ,  and  in  a  recent 
publication18  the  existence  and  uniqueness  of  a  general  solution  to 
the  Navier-Stokes  equation  for  compressible  fluids  in  general  was  ana¬ 
lytically  established.  The  purpose  of  this  communication  is  to  present 
the  introductory  features  of  a  comprehensive  stochastic  theory  of  homo¬ 
geneous  isotropic  compressible  turbulence  which  are  fundamental  and 
essential  to  the  formulation  of  a  "closure"  for  the  relevant  dynamical 
equation.  In  a  later  communication  it  is  the  intention  of  the  author 
to  duly  extend  this  theory  to  the  nonhomogeneous  case  by  accordingly 
adapting  the  theory  developed  in  Ref.  19. 

The  most  general  exact  equations  of  motion  for  an  arbitrary  com¬ 
pressible  fluid  under  no  external  forces  are  12 


*  . 

3t  dx. 

3(P“i)  a 

~W~  *  aT  (puiuj  +  Pij>  =  °- 


where 


3u.  3u.  2 

Pij  "  p^ij  P  *  3x4  3  3xt  ’ 


(1) 

(2) 

(3) 


in  Eqs.  (i)-(3)  p  is  the  pressure,  p  the  density,  u^,  i  =  1,2,3,  the 
turbulent  velocity  (of  zero  mean-value),  and  p  the  viscosity  of  the 
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fluid,  all  of  these  parameters  characteristically  being  functions  of 
both  space  and  time,  i.e.  p  ~  p(x,t),  p  ~  p(x,t),  u^  ~  u^Cxjt),  and 
p  =  vp.  The  parameter  v  is  the  so-called  ’’kinematic  viscosity”  and  is 
here  taken  to  be  constant.  Equation  (1)  is  the  equation  for  the  con¬ 
dition  of  continuity,  and  is  usually  referred  Lo  as  the  equation  of 
kinematics  while  Equ.  (2)  is  the  Navier-Stokes  equation  (Newton's 
Second  Law),  and  is  (usually)  referred  to  as  the  equation  of  dynamics 
although,  strictly  speaking,  is  should  be  referred  to  as  the  equation 
of  kinetics  since  dynamics  is  known  to  be  composed  of  both  kinematics 
and  kinetics20*21 ;  nevertheless,  both  of  these  equations  together  com¬ 
pletely  describe  the  total  dynamics  of  the  fluid  phenomena. 


IV.  DYNAMICS  OF  TWO-POINT  CORRELATIONS:  In  accordance  with  estab 
lished  principles  for  the  statistical  study  of  turbulence,  the  two 
point  correlation  theory  of  compressible  turbulence  begins  with 
Equ.  (1)  from  which  automatically  follows 


3g 

at 


p  ♦ 


3(put) 
3  x. 


p'  =  0 


apl  3(pV>  n 

p  St"  +  p  ~Sx7 —  =  0 


where  p'  =  p(x',t),  u^  '  =  u^(x',t),  etc.  Adding  these  two  equations 
and  subsequently  taking  mathematical  expected  values  produces 


3A. (r,t) 

aF”~ 

l 


(5) 


where 

A^r.t)  =  <  pu.p'  -  pp'u.'> 

and  r  =  x'  -  x.  This  very  same  equation  was  originally  derived  by 
Chandrasekhar*,  and  he  cleverly  used  it  to  establish  that  under  appro- 


priate  conditions  the  integral 


% 


rv. 


v: 


S.'  s' 


m 


L*"'_  ■ 


& 


fct? 


r  * 


K*. 


kv 


00 

J  r2(<pp'>  -  <p>2)dr  ,  r  =  jrj, 


(6) 


is  an  invariant  of  the  turbulent  motion,  and  as  such  is  quite  analogous 
to  "Loitsiansky’ s  invariant”  of  the  theory  of  incompressible  turbulence. 
The  "physical”  meaning  of  this  invariant  is  that  "...the  largest  eddies 
in  the  density  fluctuations  are  determined  by  the  initial  conditions  of 
the  problem  and  [therefore]  represent  permanent  features  of  the  system".6 

In  order  to  obtain  the  equation  for  the  time-decay  of  A^(r,t)  we 
naturally  begin,  as  is  done  in  the  theory  of  incompressible  turbulence, 
with  the  equation  of  Navier-Stokes .  Accordingly,  we  have 


a(pu.) 


8p .  . 


at 

aCp'O 


8(pu .u . ) 

+  <  — if-  ?'>  +  <  p->  =  °- 

J  J 
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p>  +  < 
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and  subtraction  of  these  equations  results  in 


a(pu  ) 

<  — x— p'>  -  < 


a(p  u •  ) 


at 


at 


p>  -  x -  <  pu.u.p'  +  p"u.'u."p>  + 

ofj  1  J  1  J  r 


=  0, 


(7) 


where  terms  such  as  <p^  p#>,  etc.,  are  for  present  purposes  ignored. 


Equation  (7),  although  sound,  is  not  yet  in  its  proper  time-decay  form 
since  the  time-derivative  of  A^rjt)  is 


3A  (r,t)  3(pu  )  ~  *  an  a(p'u  ') 
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the  relevant  time-decay  term  present  in  Equ.  (7);  however  Equ.  (7)  can 
be  put  into  its  proper  time-decay  form  if  we  make  judicious  use  of  the 
continuity  condition  to  first  obtain 


an'  atp'O 

<(pui)  at  >  +  <  (Pui)  ~ax  '  >  =  0 

j 

<  It  (p'ui'}>  +  <  (p  =  °- 

J 

Subsequent  subtraction  of  these  two  results  then  produces 

<  '  If  (P'ui>  +  3rT  <  (Pui^P'uj')  +  CpUj)(p'»i')>  =  0  , 

j 

so  that  the  time-decay  term  in  Equ.  (7)  can  be  written  as 
3(pu. )  3(p'u .)  3A.  A 

<  -gj —  p'  -  —ft - P>  =  ft-  *  gf;  <  Cpui)(p'uj')  +  (pu.)(p'u.')>  . 

J 

The  appropriate  equation  for  the  total  time-decay  of  A^r.t)  is  then 
9A^(jC,t)  g 

- gj - ft-  tpu^p'  +  p'^'Uj'p  -  p^p'u.'  -  pu  p'u.'>  +  •••  =  0, 

j  (8 

and  if  we  now  define  the  second-order  tensor 

C.j(r,t)  =  <pp'(ui  -  u^HUj  -  u/)>,  (9 

Equ.  (8)  accordingly  rewrites  as 
3A  (r,t)  A 

“ Tt  "  3rJ  Cij^’t)  +  "•  =  0-  O0 


Immediately  we  see  that  the  not  unexpected  "closure  problem"  exists 
here  too,  since  the  time-decay  of  A^(r,t)  is  specified  in  terms  of  a 
second  tensor,  viz.  C^(r,t),  whose  time-structure  is  essentially 
unknown.  This  closure  problem,  however,  is  much  more  profound,  and 
interesting,  than  the  closure  problem  of  incompressible  isotropic 
turbulence  since,  and  this  is  extremely  important,  in  order  to  obtain 
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the  above  (total)  time-decay  equation  for  A^(r,t)  the  equation  of  kine¬ 
matics  necessarily  had  to  be  employed  in  the  mathematical  manipulations, 
£  circumstance  whjch  jg  not  correspondingly  true  for  incompressible  tur¬ 
bulence.  Actually,  it  is  not  at  all  difficult  to  positively  establish 
that  the  time-decay  of  all  tensors  encountered  in  the  study  of  compres¬ 
sible  turbulence  unmistakably  rests  upon  the  equations  of  both  kinema¬ 
tics  and  kinetics,  a  consequence  of  the  very  simple  fact  that  all  of 
the  related  tensors  include  p  in  their  definition  and  the  fluid  den¬ 
sity  is  now  a  distinct  function  of  the  time.  If  one  then  subscribes 
to  the  well-established  notion22  that  a  bonafide  full  solution  to  the 
classical  problem  of  "closure"  will  in  principle  deal,  as  it  inherently 
should,  with  all  types  of  turbulence  and  not  only  with  the  homogeneous 
isotropic  incompressible  variety,  then  what  the  above  dynamical  results 
very  clearly  imply  is  that,  contrary  to  what  is  (shall  we  say)  "accep¬ 
ted  wisdom",  any  closure  scheme  which  relies  primarily  on  kinetics  and / 
or  kinetical  constraints  for  its  physical  and/or  mathematical  justifi¬ 
cation,  and  which  does  not  explicitly  incorporate  kinematics  as  an 
integral  part  of  the  so-called  "closure  formulation",  can  not  only  not 
be  seriously  considered  as  a  true  solution  to  the  problem,  but  moreso, 
cannot  even  be  considered  as  a  sufficiently  valid  "first  approximation". 
For  if  such  a  "limited  scheme"  were  to  be  structured,  i.e.  without  the 
explicit  inclusion  of  kinematics  within  the  essential  features  of  the 
"closure",  such  a  scheme  might  approximately  apply  to  some  types  of 
homogeneous  isotropic  incompressible  turbulence  and  maybe  even  to  some 
types  of  nonhomogeneous  anisotropic  incompressible  turbulence,  but  such 
a  scheme  could  never  apply  to  any  practical  compressible  turbulence 


since ,  because  of  its  limited  scope,  it  could  never  effectively  capture 
the  total  time-decay  of  such  a  fluid.  This  is  not  to  say,  however, 
that  "kinetical  closures",  and/or  "kinetical  closure  theories",  for  use 
in  the  study  of  incompressible  flows  cannot  be,  in  some  logical  fashion, 
systematically  created  and  studied;  however  it  is  important  to  realize 
that  such  "closures"  can  at  best  shed  only  half  of  the  total  light  re¬ 
quired  to  clearly  see  the  exact  solution  to  the  true  problem.  It  there¬ 
fore  follows  that  even  for  incompressible  turbulence  any  closure  scheme 
that  reasonably  unites  both  kinematics  and  kinetics  in  the  closure  for¬ 
mulation,  although  such  a  unification  may  not  at  all  be  necessary  for 
that  case,  necessarily  has  to  be  more  general  and  viable  than  any  scheme 
which  unfortunately  does  not.  This  particular  result,  to  say  the  least, 
is  very  fundamental  because  heretofore  it  was  generally  accepted  that 
any  dynamical  results  derived  from  a  closure  analysis  which  relied  even 
mildly  on  kinematics  necessarily,  by  their  very  nature,  had  to  contain 
a  basic  fallacy;  indeed,  it  was  openly  thought  that  Kinematics  could  be 
employed  only  to  obtain  "bounds"  on  the  closure  and  that  not  much  (if 
anything)  could  be  said  about  its  exact  functional  form  without  ex¬ 
plicitly  invoking  the  Navier-Stokes  condition.23  This  misconception 
should  be  partially  eradicated  by  the  present  results,  and  completely 
eradicated  by  the  results  of  Ref.  24.  And  although  it  could  be  validly 
argued  that  compressible  flows  are  entirely  different  from  incompressible 
flows,  and  therefore  that  a  "closure"  for  one  type  of  flow  is  essential¬ 
ly  different  from  a  "closure"  for  the  other  type  of  flow,  a  true  clo¬ 
sure  undeniably  applies  to  all  types  of  flows . 
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At  this  point  is  is  possible  to  correspondingly  develop  a  time- 


decay  equation  for  C..(r,t),  and  it  is  obvious  that  such  an  equation 

g 

will  inevitably  contain  third-order  terms  of  the  form  gp-  S^^(r,t), 

k 


where 


Sijk^~,t^  =  <  pP*(ui  *  ui  ')(uj  ‘  uj')(uk  *  uk')> 


A  "closure  problem"  exists  there  too  but  this  is  essentially  the  same 
problem  as  before —  since  the  total  time-decay  of  C„(r,t)  is  dependent 
upon  the  equations  of  both  kinematics  and  kinetics,  kinematics  and 
kinematical  constraints  must  therefore  be  explicitly  included  in  the 
appropriate  closure  formulation.  Such  an  approach  has  already  been 
suggested  by  the  author  for  the  case  of  incompressible  isotropic  tur¬ 
bulence25’26,  and  a  more  thorough  and  complete  solution  for  both  that 
case  and  the  isotropic  compressible  case  is  presented  in  Ref.  24. 


V.  KINEMATICAL  CONSTRAINTS  FOR  COMPRESSIBLE  TURBULENCE:  In  order  to 
obtain  the  equations  of  kinematics  for  the  tensors  C..(r,t)  and  S...(r,t) 

L  J  w  1 J  K  ** 

introduced  earlier,  it  is  necessary  to  employ  only  Equ.  (1)  and  certain 
elaborate  variations  of  it;  the  equation  of  kinematics  for  Ai(r,t)  was 
written  in  Section  IV  (Equ.  (5)).  For  the  tensor 


C..(r.t)  =  <pp'u.u.  -  pp'u.u.'  -  pp'u.  'u.  +  pp  u .  *u .  > 

ij  ~  l  j  l  j  l  j  i  j 

we  begin  with  the  continuity  condition  in  its  standard  form  and 


proceed  to  write 


an  3(pu  u.)  3u 

<  U  .  p  >  +  <  - V - J—  P  '>  =  <pp  u .  r— ^  > 

8t  y  3x.  H  i  dx. 

J  1  1 
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ou . 

Since  (pp')  is  a  scalar  quantity,  the  term  <ppV.  7^  >  in  the  above  is 

i 

a  first-order  tensor  whose  tensor  character  is  determined  only  by  the 
3u. 

product4  (u^  3^) »  the  expected  value  of  this  product  is 
i 

3u.  0  3R. . 

<uik>:’u  1  a?f  ^=0 


where 


<u.(x)u.(x')>  =  u2R  .(r) 

J 


It  therefore  follows  that 

3u.  3R. . 

<PP'ui  ax1 >  =  c(r’fc> 

1  1  ~ 

c(r,t)  being  a  sufficiently  well-defined  even  function  of  r:  and 
3R.  . 

since  ^  =  0,  it  follows  that 

1  ~~ 


3u. 

<pp'ui  >  5  °- 
1 

and  that 

<  If  y'* +  sT <  pvjp'* =  0  • 

Uaing  this  "modified"  continuity  condition  and  the  continuity  condition 
in  its  standard  form  eventually  produces 

377  cij(£,t)  =  "  '  uj  }>  : 

if  we  now  interpret  Equ.  (5)  as  an  operator  equation,  i.e.  as 

§fr  <(---)(u.  -u.-)>  =  *5|p^  , 

we  then  have 

aTIF-  cij(£,t)  =  377  (  (“j  -  “j')5,  =  ~1  <pp''  (n) 
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as  the  kinematic  constraint  on  C^(r,t).  A  correspondingly  similar 
conclusion  results  for  the  case  of  S^^(r,t),  viz.  that 

ar"3rTr—  Sijkt£,t)  =  ^3  <pp,>  •  (I 

but  in  order  to  establish  this  latter  result  it  is  necessary  to  make 
use  of  the  continuity  condition  in  the  following  form: 


an  StPUuU-u,) 

<•'  If  Vj  * 


3(u.u.) 

'  li 

=  pp  uk  ~ ■ 


where 

9(u.u  )  3S..k(r,t) 

<  pp'uk  Sif-  >  =  -d(r’t)  1—3?^ - 1  r=0  5  °- 

Naturally,  a  corresponding  invariant  condition  can  be  established  for 

the  case  of  C^(r,t),  and  for  S^^CjEit),  since 

si  h +  3><r  I!  *  +  ;  I >  =  i  t<p*>*>~<p>2i • 


where 

=  Ftr.tjr^  +  G(r,t)6.j  ; 

following  Chandrasekhar6,  we  accordingly  have 

^~2  /  r2  t<PP'>  -  <p>2)  dr  =  0, 

at*  0 


and  this  constraint  is  obviously  automatically  satisfied  if  the  pre¬ 
viously  derived  invariant  (Equ.  (6))  is  satisfied. 


VI.  CLOSURE  OF  THE  DYNAMICAL  EQUATION:  In  order  to  write  the  complete 

dynamical  equation  for  the  time-decay  of  A.(r,t)  it  is  first  necessary 

3  9ui 

to  evaluate  such  terms  as  <pp  (g“)> »  etc..  Accordingly,  we  write 

Xj  x. 
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.  3u.  a  3(pp'u.) 

37:  <pp'  <*:»  =  i :  <  ns— 

j  j  j  j 

and  subsequent  differentiation  produces 


3z<pp'u^> 

WTJF. 

J  J 
Since 


-  <p-  3Jl  u.>  _  <  p- |fL  !!i> 

K  3x.3x.  1  r  3x.  3x. 

J  J  J  J 


l  3* a.(r,t) 

<  3x.3x.  ui>  =  l  ~bi~br~  1  r=0’  etc’’ 
J  J  J  J 


where 


ai(r,t)  =  <  p(x,t)ui(x',t)>  =  a(r,t)ri  , 


we  eventually  have 


u  >  > 
3x.  1  * 


r.  3u .  3  <pp'u.> 

577  <W>'(Sr}>  S  3r.3 TT  '• 


the  complete  dynamical  equation  includes  the  term 

3p. .  3p .  .  ' 

<  p'>  -  <  ,  p> 

3x .  y  3x .  K  ' 

J  J 

which  in  view  of  Equ.  (3)  expresses  as 

-^)p> 


3u,  ~  3u. 

1  ..3  .  \ 


+  v  37:  <p(-3^  >«»'>  -  v577’  < 

J  1  J  1 


♦  (r}  'sir  <p  sr  p'>  -  nr  <  ■>'  sr*  >>*iS  ■ 

j  k  j  k  J 
Enforcing  the  result  established  by  Equ.  (13)  yields  a  time-decay 
equation  for  A.(r,t)  (cf.  Equ.  (10)),  viz. 
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3A.(r,t)  3C  (r,t) 


32A.(r,t)  32A.(r,t) 

'  V  3r  .9r.  (w/3)  3r.3r.  =  °’ 

J  J  i  J 


Note  that  this  equation  is  identically  satisfied  for  r  =  0  so  that 
”one-point  closures”  have  no  appropriate  meaning  for  compressible 
turbulence.  Also  note  that  <pp '>  can  be  formulated  in  terms  of  A^(r,t) 
simply  by  assuming  that  p  =  RTp,  where  T  is  the  temperature  and  is 
here  (cautiously)  taken  to  be  constant.  With  this  assumption  it 
follows  that 


Sr.  Kl  Sr. 
1  i 


=  RT  J 
t„ 


t  32A.(r,t) 


Sr .Sr . 
i  J 


A  closure  for  the  complete  equation  is  formulated  by  adapting  the 
theory  of  Ref.  25,  and  by  employing  said  theory,  it  is  possible  to 
generate  several  ”bonafide”  closures,  some  of  which  are 
Cij^,t:)  =  H^r»tHAi(r,t)rj  +  Aj(r,t)r.]  , 

=  H|(r,t)A^(rft)Aj (r,t)  , 

<^(£,0  =  H2(r,t)(A.(r,t)  J  A^r.tldr  ♦  A.(r,t)  J  A.(r,t)dr]  , 

CijCr.t)  =  H3(r.t)[Ai(r,t)  |j/  A.(r,t)dr  ♦  A^r.t)  A^r.Odr]  . 

From  among  these  we  select  for  use  here  the  first,  since  this  appears 
to  be  the  "simplest”  and  such  a  correspondingly  simple  closure  has 
already  produced  "adequate”  results  for  the  incompressible  isotropic 
case24*26.  Proceeding  accordingly,  the  continuity  constraint,  Equ.  (11), 


eventually  provides 


~  (r2A(r,t)H(r,t))  =  i  — 
dr  L  9t^ 


j  3  A.(r,t) 
2  3t3r.  ” 


I 


where  Ai(r,t)  =  A(r,t)ri;  the  function  H(r,t)  is  then  found  to  be 

r  4  a2A  (X,t) 

H(r,t)  =  [2r  A(r,t)]  J  J  — d^4,  A  =  |\|  (15) 

The  resulting  dynamical  (scalar)  equation  in  its  ’'closed’'  form  is  re¬ 
spectively 


§f  -  2[|-(rAH)  +  3 AH)  -  2RT  J  (^-f  +  \  §f)dt  -  (4v/3)(^-f  +  4  |f)  =  0 

t  3r  3r 

°  (16) 

where  H(r,t)  is  given  by  Equ.  (15);  noting  that 


4  32A  .  3  3A  _  3  ,  4  3A. 

r  'l  +  4r  37  =  37(r  3r) 


Equ.  (16)  conveniently  condenses  to 


» 


-  2[|j(rAH)  ♦  3 AH]  -  2RTr'4  J  §;(r4  g)dt  -  (4^/3)^  f^r4  |f  )  =  0 

(17) 

VII.  CONCLUDING  REMARKS:  In  examining  the  overall  character  of 
Equ.  (14)  it  is  important  to  remember  that  the  tensors  A^(r,t)  and 
Cjj(£»t)  present  there  are  defined  as 

A.(r,t)  =  <pp'(u.  -  u. ')>  , 
ci j =  <pp'(u.  -  u.')(u.  ’  uj^)>  » 
and  not  as  defined  for  the  study  of  incompressible  isotropic  turbulence. 
The  source  of  this  peculiar  definition,  recall,  lies  back  in  Equ.  (5) 
where  it  was  initially  desired  to  obtain  a  constraint  equation  for  the 
time-derivative  of  <pp *>,  and  it  is  there  that  the  essential  difference 
between  the  statistical  theory  of  compressible  turbulence  and  the  clas¬ 
sical  theory  of  incompressible  turbulence  first  presents  itself.  The 


question  that  naturally  then  arises  is  that  since  incompressible  turbu¬ 
lence  is  only  a  "special  case"  of  compressible  turbulence,  then  why 
does  not  the  herein  developed  statistical  theory  of  compressible  tur¬ 
bulence  reduce  to  that  of  incompressible  turbulence  simply  by  setting  p 
equal  to  a  constant  in  the  formulated  compressible  theory,  as  it  is 
obvious  from  "physical  considerations"  that  is  surely  should.  The 
reason  that  it  does  not  is  that  in  the  classical  theory  of  turbulence 
the  assumption  of  incompressibility  is  made,  rather  rightly  or  wrongly, 
for  the  sake  of  "simplicity"  rather  early  in  the  analysis  of  the  prob¬ 
lem,  and  in  so  doing  some  of  the  "richness"  of  the  problem  is  obvious¬ 
ly  removed  from  it;  further  simplification  is  then  introduced  when  it 
is  assumed  that  velocity  products  such  as  <u.u.'>,  <u.u^u^'>,  etc., 
are  isotropic,  although  the  isotropy  of  "velocity  differences"  is  per¬ 
haps  the  better  approximation  in  the  majority  of  cases  of  practical 
interest.  In  fact,  it  was  the  invariance  of  probability  distribution 
of  velocity  differences  that  was  suggested  by  Kolmogorov  in  his  origi¬ 
nal  hypothesis27,  since  it  was  felt  by  him  that  isotropy  in  the  sense 
of  Taylor28  was  a  rather  poor  approximation  of  reality.  By  reformula¬ 
ting  the  incompressible  theory  in  terms  of  velocity  differences  as 
3 

3x—(ui  -  u^  ')  =  0,  (condition  of  continuity) 
i 

3(u  -  u  ')  3(u  u  )  3(u  'u  ') 

♦  — z - - z - * —  ♦  ...  -  0  ,  (Navier-Stokes  equation)  , 


3t 


3x, 


3x, 


k  ~"k 

it  is  then  a  rather  easy  task  to  deduce  that  the  theory  developed  here¬ 
in  reduces,  as  it  necessarily  should,  to  the  (reformulated)  classical 
theory  simply  by  setting  p  equal  to  a  constant.  What  these  arguments 
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are  collectively  meant  to  suggest  is  that  in  the  formulation  of  the 
statistical  theory  of  compressible  turbulence  the  concept  of  isotropy 
of  "velocity  differences",  in  accordance  with  the  principles  estab¬ 
lished  by  Kolmogorov,  is  introduced  as  a  matter  of  due  course,  and 
accordingly  this  theory  is  then  a  more  "natural"  theory  than  the  al¬ 
ready  established  incompressible  theory;  correspondingly,  the  "kine- 
matic-kinetical  coupling"  of  the  closure  formulation  emerges,  also 
"naturally"  (as  it  should),  since  the  true  closure  problem  is  indeed  a 
dynamical  problem  in  toto ,  and  not  simply  a  kinetical  one  as  it  is 
customarily  construed  to  be. 

In  closing  it  is  instructive  to  point  out  that  the  compressible 
theory  proposed  here  could  just  as  readily  be  formulated  from  the  wave- 
number  space  approach;  for  such  an  approach  we  would  require  Fourier- 
Stieltjes  integrals  of  the  form 
p(x,t)  =  (2n)  3  Jexp(iK-x)dG(K,t 1 
and 

u.(x,t)  =  (2n)  3  J>xp(iK-x)dZ.(K,t)  . 

Products  such  as  <pp*u^>  would  then  be 

<pp'u.>  =  (2n)"9/exp[  i  (k-x  -  x"-x'  ♦  k'*x))  <dG(K, t )dG*(*  ",t)dZ.  (k  ',t  )>, 

*  denoting  complex  conjugate,  and  since  this  product  must  be  a  function 
of  £  =  *  ’  £  it  follows  that  K  -  x"  ♦  x  '  =  0,  and  that 

<pp'u.>  =  (2n)’9/exp[- l  (k  ♦  0*rl  <dG(x ,  t  )dG*(x  ♦  x  ' ,  t  )dZ  ^  (x  ' ,  t  )>  . 

(  18) 

In  this  approach  the  corresponding  "closure  problem"  is  the  so-called 
problem  of  "spectral-transfer";  it  is  obvious  from  Equ.  (18)  that  the 


relevant  "spectral-transfer"  will  not  be  a  simple  quantity.  Recalling 
the  related  discussion  of  Section  2,  it  is  also  obvious  that  the  solu¬ 
tion  to  the  "problem  of  spectral-transfer"  will  necessarily  require  an 
explicit  kinematic-kinetical  "coupling"  in  its  appropriate  formulation. 

VIII.  RECOMMENDATIONS :  In  order  to  properly  implement  the  product(s) 
of  the  author's  summer  research,  its  analytical  results  should  first  be 
validated  with  compressible  turbulence  data.  The  tensors 

A.(r,t)  =  <pp'(uA  -  ui')> 

and 

C..(r,t)  =  <pp'(u.  -  u.')(u.  -  u.')> 
should  be  approximated  from  turbulence  data  records,  and  the  "strength" 
of  the  closure, 

C.j(r,t)  =  H(r,t)  (Ai(r,t)rj  +  Aj(r,t)r.)  , 
should  be  clearly  ascertained.  Related  follow-on  research  should  pro¬ 
ceed  to  the  case  of  nonhomogeneous  incompressible  turbulence,  and 
untimately  to  nonhomogeneous  compressible  turbulence.  It  is  the  in¬ 
tention  of  the  author  to  pursue  these  investigations  at  a  later  date. 
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ABSTRACT 

The  6p  and  6p '  optical  excitation  functions  of  atomic 
xenon  have  been  measured  from  onset  to  100  eV's.  Particular 
interest  has  centered  on  their  pressure  dependence.  Most  of 
the  levels  betray  a  pressure  sensitivity  for  electron 
energies  greater  than  25  eV's.  Higher  np,  ns  and  nd  levels 
have. been  measured  and  many  of  these  excitation  functions 
exhibit  a  pressure  dependence.  Resonant  type  structure 
around  20  eV  has  also  been  observed  in  many  of  the 
functions.  The  xenon  excitation  functions  have  been 
measured  when  various  amounts  of  helium  are  mixed  with  the 
xenon.  Some  functions  are  changed  drastically  while  others 
appear  'inert'  against  the  helium.  Possible  mechanisms  for 
the  above  behavior  are  discussed. 
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Introducti on 


Recent  interest  in  high  pressure  rare  gas  laser  systems 
has  resulted  in  increased  need  to  understand  the  various 
mechanisms  which  determine  the  laser's  gain  and  intensity. 
The  Air  Force  is  particularly  interested  in  the  xenon  high 
pressure  gas  laser  in  that  it  has  strong  laser  lines  -falling 
between  1.73  and  4  microns.  The  importance  of  such  a 
wavelength  region  lies  within  the  fact  that  this  corresponds 
to  transmission  ’windows'  of  the  atmosphere.  As  such,  this 
laser  could  have  important  uses  in  offensive  and/or 
defensive  purposes. 

One  of  the  factors  which  influences  the  gain  of  the 
xenon  laser  is  the  electron  excitation  cross  sections  of  its 
various  excited  states  from  the  ground  state.  Figure  (1)  is 
an  energy  level  diagram  of  xenon.  The  ground  state  of  xenon 
is  a  !5p^  state.  The  excited  states  are  hence  designated  as 
Sp^ns,  Sp^np,  Sp^nd,  and  so  forth.  The  1  quantum  number 
represents  the  orbital  angular  momentum  of  the  running 
electron  which  results  in  the  smaller  1  values  lying  deeper 
in  energy  for  a  given  n  since  it  penetrates  more  severely 

w 

the  core  of  the  atom.  The  core,  5p  ,  results  in  an  invented 
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ionization 


doublet  designated  as  ^pi/2  and  ^p3/2’  The 
potential  of  the  ^3/'?  core  is  12-1  eV?s.  The  ionization 
potential  of  the  ^1/2  core  lies  about  1.3  eV’s  higher. 
Xenon  -follows  Jc-2  coupling  rules-  This  essentially  means 
that  the  angular  momentum  o-f  the  core  couples  with  the 
orbital  angular  momemtum  o-f  the  electron  giving  the  angular 
momentum  K -  K  then  couples  with  the  spin  o-f  the  running 
electron  to  give  the  total  angular  momentum  o-f  the  atom,  J. 
There-fore,  the  state  designation  6p(3/2,  1)  represents  a  bp 
electron  coupled  to  the  ^3/2  core  to  give  a  K  =  3/2  and  a 

total  angular  momentum  of  J  =  1 .  The  state  ^p' (3/2,1) 

represents  a  bp  electron  coupled  to  the  2Pj/2  core  with  K  » 
3/2  and  J  =  l. 

The  laser  lines  o-f  greatest  importance  originate  -from 
the  3d  levels  and  terminate  on  the  6p  levels.  The  lifetimes 
o-f  the  &p  states  are  several  orders  of  magnitude  shorter 
than  the  3d  states.  This  investigation  was  primarily 
concerned  with  the  reaction: 

e  +  5p^  — >  5p^6p  ♦  e 

The  excited  3p^6p  state  will  betray  itself  with  the  emission 
of  a  photon.  As  we  vary  the  energy  of  the  impacting 
electron,  the  probability  of  exciting  one  of  the  bp  levels 
will  vary.  As  the  probability  varies  so  will  the  photon 
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■flux.  By  monitoring  the  photon  flux  as  a  function  of  the 


bombarding  electron's  energy  we  obtain  a  curve  known  as  the 
optical  excitation  function.  All  our  data  was  obtained  from 
threshhold  (  about  9.5  eV's  )  to  100  eV's.  Figure  (2) 
illustrates  a  detailed  energy  level  diagram  of  the.  6p  and 
6p 9  levels  and  the  transitions  monitored  are  denoted  by  a 
solid  circle. 

The  investigation  of  the  excitation  functions  of  xenon 
led  to  some  surprising  results  whose  interpretation  is  still 
under  study.  The  excitation  functions  tended  to  divide 
themselves  into  three  catagories:  a)  no  pressure 
dependence,  b)  slight  pressure  dependence  and  c)  significant 
pressure  dependency.  In  some  cases  we  observed  some  current 
dependence.  The  cause  of  these  effects  must  be  explained  to 
fully  appreciate  the  data. 

Not  only  did  we  investigate  the  6p  states  but  numerous 
higher  levels  and  certain  trends  were  discovered  in  the 
excitation  functions.  States  as  high  as  the  lip,  lid  and  6f 
were  measured  in  hopes  of  fully  understanding  pressure  and 
cascade  effects  on  the  lower  levels. 

Very  little  work  on  electron  impact  excitation  of  xenon 
has  been  performed.  Rostov! kova  (1)  has  studied  the  optical 
excitation  functions  of  xenon  in  the  220  -  640  nm  range. 
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Quantitative  values  o-f  the  excitation  cross  section  for  the 
6p  levels  have  been  published  by  Zapesochnyi  (2). 
Unpublished  efforts  (3)  and  (4)  have  been  attempted  in 
recent  years  to  study  the  levels  associated  with  transitions 
in  the  near  IR.  Williams  (5)  has  measured  the  electron 
impact  energy-loss  spectra  of  xenon  at  20  eV  in  hopes  of 
determining  optical  selection  rules-  Perhaps  the  most  work 
in  xenon  has  buen  associated  with  detecting  resonances  in 
elastic  scattering  of  electrons  (6),  <7) .  The  first  four 
references  above  were  concerned  with  optical  excitation 
functions  of  xenon  directly  but  all  failed  to  note  the 
pressure  dependencies  that  we  have  found  to  exist. 


The  experimental  setup  consists  mainly  of  an  electron 
gun  (collimated  source  of  monoenerget i c  electrons)  enclosed 
in  a  very  high  vaccuum  chamber  in  which  controlled  amounts 
of  gas  can  be  inserted.  Figure  (3)  dipla>  the  schematic  of 
the  e-gun.  It  can  produce  beam  currents  up  to  5  mA  over  a  1 
cm‘  circular  area.  At  1  mA  an  energy  resolution  of  .5  eV's 
is  easily  obtainable.  The  cathode  is  indirectly  heated  and 
is  of  the  impregnated  barium  type.  The  cathode  is  at  a 
negative  potential  which  is  the  accelerating  voltage.  The 
first  two  grids  control  the  current  and  -focusing  properties 
of  the  e-beam.  The  third  grid  is  at  cathode  potential  and 


essentially  stops  all  electrons  whose  energy  is  less  than 
the  cathode  potential.  The  last  grid  is  at  ground  potential 
as  is  the  Faraday  cage  which  serves  as  the  collision 
chamber.  Secondary  electrons  which  have  been  created  by  the 
primary  electrons  hitting  the  back  side  of  the  Faraday  cup 
can  distort  the  excitation  curves  since  they  are  at  much 
lower  energy.  Figure  (4a)  illustrates  this  for  the 
6p(5/2,3)  level.  To  help  negate  such  effects  the  end  of  the 
Faraday  cup  is  constructed  of  a  wire  mesh  which  is 
transparent  to  the  electrons  but  opaque  to  external  fields. 
The  cup-shaped  collector  is  operated  at  a  positive  voltage 
with  respect  to  the  cage  and  collects  secondary  electrons 
before  they  can  enter  the  interaction  region.  Figure  (4b) 
shows  the  same  excitation  function  with  the  bias  present. 
No  secondary  electron  effect. 


The  cathode  of  the  gun  obtains  temperatures  around 
1 100°C.  Hence,  large  quantities  of  impurities  are  boiled 
cff .  Usually  liquid  nitrogen  traps  are  utilized  to  pump  out 
these  impurities.  Since  xenon  also  condenses  at  liquid 
nitrogen  temperatures  another  pump  source  is  needed.  A 
non-evaporabl e  getter  pump  was  utilized.  This  getter 
operates  via  chemisorption  and  bulk  diffusion  into  a 
zirconium-aluminum  alloy. 


The  xenon  gas  is  dosed  into  the  system  and  the 


resultant  pressure  is  measured  with  a  MKS  Baratron  pressure 
head  readable  to  0.1  millitorr. 

The  slender  retangul ar  ar^a  denoted  in  Figure  (3)  is 
the  region  of  the  collision  chamber  which  radiation  is 
gathered  by  the  detection  system.  The  radiation  was  viewed 
at  right  angles  to  the  electron  beam.  The  detecting  portion 
of  the  apparatus  is  a  half -meter  Jarrell-Ash  monochromator 
coupled  to  a  cooled  RCA  31034A  photomultiplier  tube.  To 
cancel  a.  ..lifier  drift  and  general  drift  of  background 
sources,  the  electron  beam  was  chopped  by  biasing  grid  #1  to 
23  volts  below  the  cathode  voltage  200  times  a  second.  The 
chopping  voltage  was  ilso  used  to  synch  in  the  photon 
counter.  Using  this  method,  the  photon  counter  counted 
signal  +  background  in  one  channel  when  e-beam  on  then 
counted  background  in  another  channel  with  e-beam  off.  The 
photon  counter  then  subtracted  the  two  channels  and 
displayed  the  result.  The  number  of  cycles  for  counting  was 
selectable. 

The  entire  system  was  controlled  and  monitored  by  a  PET 
8032  mi crocomputer  with  hi gh-resol ut l on  graphics.  The 
sequence  of  events  that  occurred  were  as  follows: 

a)  Set  e-beam  energy 

b)  Initiate  Photon  Count 
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c)  Sense  the  end  of  count  and  read  results 

d)  Measure  the  e-beam  energy 

e)  Measure  the  e-beam  current 

f)  Plot  on  high-res  graphics  the  photon  count 
divided  by  the  e-beam  current  versus  the 
e— beam  energy. 

g)  If  not  end  of  run  then  increment  e-beam 
energy  and  begin  at  a)  again 

h)  Store  data  run  on  disk 

i)  Hard  copy  print  out  of  high-res  display 

Our  efforts  in  constructing  the  necessary  interface 
hardware  and  writing  the  required  software  to  obtain  the 
above  automation  proved  invaluable  since  most  of  the  time 
very  lew  pressures  were  necessary  (with  subsequent  low 
signals)  and  run  times  were  any  where  from  30  minutes  tc  16 
hours.  The  resulting  plot  in  f)  above  is  what  is  termed  an 
optical  excitation  function. 

To  determine  the  optical  cross  sections  absolut  ely,  the 
detection  system  in  total  was  moved  horizontally  to  line  up 
with  a  standardized  source  of  photon  flux  (tungsten  strip 
filament  lamp).  The  standardized  source  was  oriented  in  the 
same  relative  position  to  the  detection  system  as  the 
collision  region  of  the  electron  gun.  The  intensity  of  a 
given  transition  was  first  monitored  —  being  careful  that 


we  collected  all  the  radiation  eminating  from  a  solid  angle 
set  by  a  stop  on  the  focusing  lense.  Then  we  monitored  the 
photon  flux  from  a  given  area  of  the  standardized  source 
through  a  set  solid  angle.  /  comparing  these  intensities 
the  optical  cross  section  can  be  obtained  at  a  particular 
electron  energy.  Again,  utilization  of  the  computer 
faciliated  the  ease  of  obtaining  the  necessary  numbers. 
Appendix  A  gives  a  typical  printout  of  results.  A  good 
discussion  of  standardi zat ion  procedures  is  given  by  St.John 
(8) . 


Data 

flpcarent  Excitation  Functions  o-f  th m  np  and  no’  Stataa 

The  excitation  functions  exhibited  in  this  report  are 
what  are  termed  ’Apparent’  excitation  functions.  What  that 
means  is  that  the  contribution  of  the  levels  population  due 
to  cascade  from  higher  states  has  not  been  subtracted  out. 
When  one  subtracts  out  cascade  one  obtains  the  'Direct’ 
excitation  function.  To  perform  a  cascade  analysis  of  the 
xenon  levels  requires  a  large  effort  in  time.  Also,  the 
main  cascade  contributors  to  the  population  of  the  6p  and 
6p ’  states  are  the  3d  levels. . . these  are  the  very  intense 
laser  lines  which  lie  in  the  mid-IR  and  were  not  capable  of 
detection  with  our  present  apparatus. 


Figure  (5)  gives  the  apparent  excitation  -function  of 
the  6p(5/2,3)  level  -from  threshhold  to  100  eV.  This 
function  was  perhaps  the  ’purest’  function  monitored.  It 
’goes  up  and  comes  down’  like  a  typical  excitation  function. 
It  is  impervious  to  current  and  pressure  variations.  It 
remained  unperturbed  by  gross  variations  in  experimental 
parameters.  We  feel  fortunate  that  it  ’existed’  in  that  it 
tended  to  negate  any  thoughts  that  many  of  our  other 
non-typical  observations  were  e-gun  or  detection  aberations. 
It  is  a  rather  sharp  excitation  function  which  one  is  not 
surprised  at  since  the  only  good  quantum  number  J,  the  total 
angular  momentum,  is  3  and  therefore  we  would  expect  little 
mixing  with  the  other  nearby  p-levels,  all  of  which  had  J  < 
3. 

In  contrast.  Figure  (6a)  displays  the  6p( 1/2,0)  level. 
It  appears  badly  distorted  with  two  definite  peaks 
present. • .one  around  13  eV’s,  the  other  at  25  eV’s.  There 
is  also  the  hint  of  another,  much  sharper  peak,  at  20  eV’s. 
Figure  (6b)  displays  this  same  level  and  shows  the  drastic 
reduction  of  the  curve’s  tail  after  30  eV  when  the  pressure 
is  reduced  below  1  mTorr.  Figures  (7a),  (7b),  (7c)  and  (7d) 
display  the  7p,  8p,  9p  and  lip  levels  which  have  the  same  K 
and  J,  i.e. ,  1/2  and  0  repectively.  Figure  (8)  shows  that 
the  7p( 1/2,0)  level  was  also  quite  pressure  dependent. 


Compare  with  Figure  (7a) .  Figure  (9)  displays  an  overlay  of 
7p(l/2,0)  onto  6p(l/2,0)  which  tends  to  demonstrate  that 
whatever  is  feeding  one  is  feeding  the  other.  However,  the 
7p(5/2,3)  is  quite  nice  (Figure  (10))  and  compares  favorably 
with  the  6p  level  with  the  same  K  and  J.  Hence,  it  appears 
that  for  any  p  level  with  quantum  numbers  K  =  1/2  and  J  =  0 
the  'double*  hump  shape  and  pressure  dependence  will  exist. 
Also,  for  K  =  5/2  and  J  =  3  the  curve  will  be  rather  sharp 
with  no  noticeable  pressure  or  current  dependence. 

The  8p< 1/2,0)  level  behaved  anomalously  as  well. 
Figures  (7b)  above.  Figure  (11a)  shows  it's  pressure 
dependence.  No  current  dependencies  were  noted  for  any  of 
those  i  levels.  The  small  narrow  peak  around  20  eV’s  which 
was  just  barely  discernable  on  the  other  np ( 1/2,0)  levels  is 
quite  evident  on  the  8p (1/2,0)  excitation  function.  Figure 
<llb)  examines  the  excitation  function  from  threshhold  to  25 
eV’s...the  small  peak  at  19.3  eV’s  is  very  prominant. 

The  6p (3/2,2)  level  is  'intermediate*  in  pressure 
effects  when  compared  to  the  K  *  3/2,  J  *  3  and  K*l/2,  J  *»0 
levels.  Figure  (12)  illustrates  this  level's  pressure 
sensitivity.  The  6p’ (3/2,1)  level  is  another  * intermedi ate' 
in  pressure  dependency  as  illustrated  in  Figure  (13). 
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Taking  the  6p* (3/2, 1)  level  to  300  microtorr  (Curve  D) 
produces  an  excitation  function  very  similar  to  the  nice 


6p (3/2, 3)  state.  Previous  experiments  have  never  gone  this 
low  and  in  not  doing  so  produced  results  very  similar  to 
curve  A  in  Figure  (13). 


The  6p’ (1/2,1)  is  much  like  the  6p’ (3/2,1)  in  that  as 
we  lower  the  pressure  to  500  microtorr  an  excitation 
function  is  produced  which  is  quite  ’normal’  and  pleasing. 
See  Figure  (14),  curve  C. 


The  6p (3/2,1)  was  quite  sensitive  to  the 
pressure. . .pressures  as  low  as  300  microtorr  were  needed  to 
get  the  energy  tail  to  begin  to  drop  appropriately.  Figure 
(15)  illustrates  this  quite  well. 


One  suprising  result  was  the  6p’ (1/2,0)  curve.  It 
appears  as  the  other  curves  for  K  *  1/2  and  J  ■  0  but  it  is 
not  pressure  dependent.  Therefore,  it  appears  that  whatever 
is  causing  the  pressure  abnormalities  prefers  the  ^3/2  core 
configuration  when  K  *  1/2  and  J  *  0.  Figure  (16)  gives  the 
6p’ (1/2,0)  curve. 


The  6p(3/2,2>  level  was  just  within  the  spectral 
response  of  my  PUT.  Figure  (17)  illustrates  its  pr assure 
sensitivity.  Again  500  microtorr  was  necessary  to  produce  a 
quality  curve. 


The  6p* (3/2,2)  state  behaved  as  many  of  the  others, 
having  a  slight  pressure  dependence.  Figure  (18).  The  lone 
remaining  6p  state,  6p(l/2, 1),  was  rot  obtained  since 
transitions  originating  from  it  lay  outside  of  our  spectral 
response. 

Apparent  Excitation  Function*  of  s.  d  and  f  States 
Present  now  are  the  excitation  functions  of  various  and 
sundry  states  that  were  examined.  The  spectra  of  Xenon  is 
quite  complex  and  hence  requires  the  slits  of  the 
monochromator  to  be  quite  narrow  in  order  to  resolve  many  of 
the  lines.  Coupled  to  this  is  the  requirement  that  the 
pressures  be  kept  relatively  low  in  order  to  maintain  a 
stable  system  and  prohibit  arcing.  The  arcing  occurs 

because  of  the  high  ionization  cross  section  of  xenon. 
Hence,  because  of  these  two  factors,  our  signals  are 
generally  quite  weak  and  significant  times  are  required  to 
obtain  data.  What  we  have  tried  to  do  is  pick  those  levels 
that  perhaps  might  offer  some  insight  into  the  physics  of 
the  resultant  shapes  of  the  excitation  functions. 

Of  particular  interest  is  the  688.2  nip  line  originating 
from  the  7d(7/2,3>  level.  See  Figures  (19a  &  19b).  No 

differences  were  observed  with  pressures  ranging  from  4 
mTorr  to  .5  mTorr.  We  observe  several  features  on  this 
function.  An  extremely  sharp  onset  with  peak,  another 
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hump ’  at 


structure  about  20  eV,  -followed  by  a  rather  broad 
40  eV’s.  Figure  (20)  provides  an  interesting  picture.  It 
is  an  overlay  o-f  Figure  (19b)  with  the  excitation  -function 
o-f  the  6p( 1/2,0)  level  at  the  same  pressure  o-f  500 

microtorr.  The  small  Structure  we  observed  at  20  eV  on  the 
6p  levels  (  K  =  1/2,  J  =  0  •  appears  very  evident  in  this 
high  lying  7d  level.  Hence,  some  o-f  the  contribution  of 
that  structure  in  the  6p  levels  arises  from  cascade  from 
higher  levels... 7d  in  particular.  The  question  still 

arises. . .What  causes  the  narrow  structure  in  the  7d  level? 
Perhaps  the  source  of  it  in  the  7d  level  is  cascade  from 
some  phenomena  at  a  higher  energy  which  also  feeds  the  6p 
levels. 

The  7d(7/2,4),  which  cascades  into  the  very  clean 
looking  6p(5/2,3)  level,  is  quite  clean  as  well  (Figure 
(2D).  Then  there  is  the  8s(3/2,l)  and  6*  (3/2, 1)  excitation 
functions  given  in  Figure  (22)  and  Figure  (23)  repectively. 
These  functions  appear  highly  distorted.  The  6d(3/2,2)  was 
an  exceoti onal 1 v  clean  function  with  no  pressure  or  current 
dependence.  See  Figure  (24).  Ulhv  some  of  the  levels 

aaum  clean  »h«o»»  wJ _ others _ are _ so  distortable _ with 

preasure  is  a  challenging  auction. 

Figure  (25a)  and  (25b)  give  the  5d' (5/2,3)  function  at 
two  different  pressures.  Again,  it  appears  that  those 
levels  associated  with  the  /«?  core  are  more  immune  from 


pressure  effects. 


Excitation  Functions  of  Xenon  in  Helium/Xenon  Mixtures 

We  were  curious  as  to  the  effects  that  large  amounts  of 
Helium  would  have  upon  the  xenon  excitation  functions.  If 
large  quantities  of  a  gas  are  inserted  into  the  system,  then 
on®  must  be  careful  that  the  mean  free  path  of  the  electrons 
in  the  beam,  as  measured  from  the  last  grid,  is  longer  than 
the  distance  observations  are  made  from  the  last  grid.  If 
we  observe  the  photon  flux  at  too  great  a  distance  from  the 
last  grid  then  the  atoms  we  observe  radiating  are  those 
excited  by  electrons  which  have  already  suffered  a 
collision.  In  xenon  at  1  mTorr,  the  mean  free  path  of  an 
electron  (  e>  is  16  cm.  In  130  mTorr  of  helium,  e  *  1 
cm.  Figure  (26a)  and  (26b)  illustrate  this  point 
experimentally.  In  Figure  (26b)  we  are  observing  the  flux 
at  a  distance  of  .3  cm  in  150  mTorr  helium  and  2  mTorr 
xenon.  The  line  in  question  is  the  6p(5/2,3)  line  and  its 
shape  agrees  when  only  pure  xenon  is  present.  Compare  with 
Figure  (5).  Figure  (26a)  shows  a  hump  appearing  when  we 
observe  this  line  at  a  distance  a  little  over  1  cm.  The 
hump  is  the  result  of  electrons  that  have  already  suffered 
one  col  1 i si  on. . . then  many  of  the  resultant  lower  energy 
electrons  will  have  energies  at  the  peak  cross  section  and 
will  therefore  cause  a  distorted  excitation  function. 


Fortunately,  the  first  level  we  tried  gave  dramatic 
effects.  The  7d(7/2,3)  was  one  of  our  most  distorted 
functions  (See  Figure  (19)).  Figure  (27)  shows  the  dramatic 
effects  on  the  high  energy  .tail  as  the  pressure  of  helium  is 
increased.  One  observes  that  as  helium  is  added,  we  obtain 
a  curve  much  like  a  'normal'  excitation  function.  Consider 
the  lid (7/2, 3)  curve.  Figures  (28a)  and  (28b)  show  that  the 
tail  drops  when  helium  is  present.  Figure  (28c)  shows  the 


same  function  but  with  pure  xenon 

at 

1.2 

mTorr . 

It  is 

almost 

identical  to  Figure  (28b). 

In 

other 

words. 

adding 

helium 

is  equivalent  to  lowering 

the 

pressure  of 

xenon. 

Same  results  were  obtained  for  7p( 1/2,0)  state.  Compare 
Figures  (29a)  and  (29b)  with  Figures  (7b)  and  (7c).  Figures 
(30a  -  30e)  show  the  sequencial  effects  of  adding  helium  as 
well  as  reducing  the  xenon  pressure  for  the  prominent 
6p (1/2,0)  level.  The  first  structure  observed  at  15  eV's 
becomes  extremely  prominent  and  the  large  peak  at  25  eV's 
begins  to  drop  in  intensity  relative  to  the  peak  at  15  eV's. 

Resonant  Structure  in  Helium 
Since  Helium  was  to  be  used,  we  spent  some  time  looking 
at  several  of  its  excitation  functions  at  various  pressures. 
The  587.6  nm  line  is  a  good  line  to  look  at  because  it  has  a 
well  known  structure  at  onset  which  we  can  use  to  get  an 


idea  of  our  energy  resolution.  Figure  (31)  is  the  excitation 


function  of  this  line  from  onset  to  30  eV’s.  One  can  see 
that  the  structure  is  well  resolved  and  our  energy 
resolution,  even  at  these  high  pressures  and  currents,  is 
easily  .3  eV.  Figure  (32a)  displays  the  same  excitation 
function  except  to  100  eV’s.  Please  note  the  structure 
around  57  eV's.  Figure  (32b)  gives  a  ’close  up'  view  of 
this  region  by  scanning  from  43  to  60  eV’s.  The  energy 
separation  of  these  two  peaks  is  about  1.2  eV’s.  Scans  of 
other  lines  in  this  same  energy  range  revealed  no  such 
structure  implying  it  was  not  an  e-gun  effect.  I  ran  this 
line  under  varying  conditions.  Figure  (33a>  illustrates 
that  the  structure  still  exists  at  low  pressures  and  low 
currents.  The  reason  the  general  shape  of  the  function  is 
different  at  different  pressures  is  because  this  function  is 
quite  pressure  sensitive  (9).  Figure  (33b)  shows  the 
function  at  an  extremely  high  pressure  ...  structure  still 


present.  Figure  (33c) 

when  xenon 

i  s 

mixed 

in. 

• . structure 

still  present.  These 

curves  also 

tell 

us 

that 

the 

e-gun 

character! sties  are  not  perturbed 

when 

xenon 

i  s 

added 

and 

the  energy  resolution 

of  beam  is  still 

qui  te 

good 

at  50 

eV’ s 

when  large  quantities  of  gas  are  present. 

We  feel  that  the  source  of  these  two  structures  is  from 
the  creation  of  negative  ions.  Such  resonances  have  been 
observed  by  Kuyatt  (6)  in  electron  transmission  experiments. 
This  is  the  first  time  they  have  been  observed  in  optical 
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transitions.  Kuyatt  observed  two  resonances  at  57. 1  and 


58.2  eV’s  with  an  uncertainty  of  0.1  eV.  This  separation 
cooresponds  quite  well  with  what  we  observed.  When  the 
contact  potential  of  our  gun  is  corrected  for,  we  are  almost 
spot  on  the  energy  for  which  these  resonances  occur.  Fano 
and  Cooper  (10)  ^,bave  identified  the  negative  ion  states 
first  seen  by  Kuyatt  (A)  as  the  <2s22p)2P  and  (2s2p2)2D 
states.  As  such  they  lie  in  the  continuum  and  can  decay  by 
two  different  channels.  They  can  decay  into  excited  states 
of  Helium  by  the  emission  of  a  single  electron.  Or  they  can 
eeitt  two  electrons  and  fora  He'*.  It  appears  we  are 
Observing  the  first  decay  channel  into  our  33D  state. 

Biicmgion 

The  electron  impact  excitation  functions  are  confusing. 
In  one  way  this  has  proven  fortunate  in  that  one  must  then 
search  diligency  for  the  source  of  confusi on. .. which  has 
resulted  in  a  much  broader  learning  experience. 

When  one  observes  pressure  effects  in  electron  impact 
experiments  it  usually  follows  a  quadradic  dependence.  We 
did  not  find  this  dependence.  Hence,  many  of  the  classic 
causes  of  pressure  effects  were  not  sufficient.  At 
pressures  where  we  do  observe  effects,  the  mean  free  path  of 
a  xenon  atom  is  10  cm.  Our  observation  region  is  never 


greater  than  .4  mm.  Also,  the  time  between  atom-atom 
collisions  is  close  to  500  microsec. . .the  lifetimes  of  the 
majority  of  the  states  are  in  the  area  of  nanosec.  To  be 
able  to  obtain  pressure  effects  that  were  observed  due  to 
excitation  by  collision  transfer,  one  must  assign  collision 
cross  sections  of  the  order  of  10”**  cm*. . .an  order  of 
magnitude  greater  than  measured  values  (11).  Hence,  it 
would  appear  that  the  population  of  the  xenon  states  would 
only  be  by  direct  electron  impact  and  cascade  from  higher 
lying  states. .. effects  not  sensitive  to  pressure. 

One  channel  we  considered  was  excitation  to  those 


states  associated  with 

the 

2pt/2  =«*"• 

that 

lie 

between  the 

ionization  energies  of 

the 

2p3/2  cor* 

and 

the 

2Pj/2  core. 

Figure  (34)  is  a  schematic  of  this  area.  The  levels  ns* 
(n>7)  and  nd’  (n>3>  are  the  predominant  levels.  Huffman 
(12)  has  examined  the  absorption  coefficients  of  these 
levels  and  has  found  that  the  Bd*  and  6s*  have  extremely 
large  absorption  coefficients  of  5000  cm”*,  (2  x  10”i6  cm2). 

Transitions  with  large  dipole  moments  usually  imply  large 
electron  excitation  cross  sections.  Hence,  one  can  assume 
that  these  levels  are  readily  being  populated.  After  being 
populated,  the  state  has  basically  two  alternatives. 
One. ..it  can  autoions:*  and  form  a  xenon  \ on.  Two. ..it  can 
decay  to  a  level  beneath  the  first  tcmiation  level.  If 
process  two  does  occur  and  it  is  to  the  Rydberg  states,  then 
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we  have  states  occupied  with  long  lifetimes  which  could 
undergo  collisional  effects.  However,  White  (13)  has 
observed  no  such  radiative  or  radiationless  decay  occuring 
(lifetime  of  10~Bsec) . . . onl y  autoionization  (lifetime  of 
10“1^sec).  This  channel  produces  mainly,  therefore,  ions. 


Much  of  the  observed  pressure  effects  could  be 
explained  if  there  were  a  large  supply  of  Xe2*  present. 
Figure  (39)  is  a  diagram  taken  from  a  study  by  Biondi  (14). 
Me  studied  the  dissociative  recombination  process  in  Xenon. 
The  reaction  under  investigation  was: 

Xe2*  ♦  e  — * >(Xe2>#  — >  Xe*  +  Xe 
After  producing  the  Xe2+t  they  observed  the  intensities  of 
the  atomic  transitions  in  the  afterglow.  The  heavier  the 
lines  in  Figure  (33)  the  greater  the  intensity  of  the  line. 
Or,  the  heavier  the  line,  the  more  heavily  populated  that 
level  by  dissociative  recombination  of  Xe2*.  The  dashed 
lines  indicated  transitions  that  they  observed  when  they 
heated  the  electrons  to  8000°  K,  or  to  a  little  over  1  eV, 
thus  producing  higher  excited  states  of  Xe2-  It  is  evident 
from  the  figure  that  states  we  found  pressure  sensitive  were 
monitored  as  recipients  of  the  dissociative  recombination 
process.  In  particular,  the  028  nm  line,  6p(l/2,0),  which 
we  found  very  distor table  with  pressure  was  one  of  the 
heaviest  populated  by  dissociative  recombinat ion.  For  room 
temperature  electrons  the  rate  coefficient  for  this  process 


is  extremely  large  <!0~6  cftrVsec).  As  the  electron 
temperature  increases,  the  rate  coef  f i  ci  ent  falls  off  as 
T-7. 

Xe2*  can  be  produced  via  several  mechanisms.  See  Table 
I  below.  In  each  of  these  mechanisms,  we  are  considering 
processes  that  require  three  bodies  and/or  several  steps. 
Such  processes  are  pressure  dependent.  Our  problem  then  is 
to  try  and  formulate  some  mechanism  by  which  a  copious 
supply  of  Xe2*  is  produced  in  order  to  explain  our  observed 
pressure  effects. 

Tifa.lt  .1 


er.gc.tfa  1 

Xe  ♦  e  — >  Xe*  +e 

Xe*  ♦  xe  ♦  Xe  — >  Xe2*  ♦  Xe 

ecactii  2 

Xe  *  e  — >  Xe  ♦  e 

Xe*  ♦  Xe  ~ >  Xe2*  ♦  e 

C  Horn  beck  and  Hoi  nar  Process  US)  > 


Xe  ♦  e  — >  Xe*  ♦  e 
Xe*  ♦  Xe  ♦  Xe  — >  Xe2*  ♦  Xe 
Xe2*  ♦  Xe2*  —  >  Xe2*  ♦  Xe  ♦  x< 
<Sel f -Penning  Ionization  (16> 


my  *  ci 


Process  1  in  our  table  is  a  two  step  process 
which  requires  a  three-body  collision.  Such  a 


collision  cross-sect i on  at  our  pressures  is 


extremely  small.  Process  3  is  even  more  exotic  and 
less  likely.  The  Hornbeck  and  liolnar  process  has 
some  promise  if  the  excited  state  is  a  metastable 
state.  There  are  two  metastable  states,  6s (3/2, 2) 
and  6sM 1/2,0) ...  their  calculated  (17)  lifetimes  are 
ISO  sec  and  78  msec  respectively.  But  even  then 
they  would  only  account  for  less  than  107!  of  the  gas 
density  as  observed  in  the  collision  region. 


In  Figure  (36a)  we  have  drawn  an  end  view  of 
the  grounded  Faraday  cup  surrounding  the  electron 
beam  and  from  which  we  observe  the  collision 
phenomena.  Heddle  (18)  has  calculated  the  potential 
V  as  a  function  of  ’ r* 9  the  distance  from  the  center 
of  the  beam.  In  Equation  (i)  below,  R  is  the  radius 

of  the  beam,  ’ i *  is  the  current  in  microamps  and  E 

is  the  energy  of  the  electrons  in  eV's.  Vj  is  the 

potential  due  to  zero  space  charge  and  V2  is  the 

potential  depression  due  to  the  space  charge  of  the 
electron  interacting  upon  themselves. 

V,  «  -(3  x  10’2)iE’*1/2Ln(R/r)  eV’s 

-2  -1/2  (l> 
V2  *  -<1.5  x  10  z)iE  1/2  eV’s 


Figure  (36b)  displays  the  potential  depression  as  a 


-Function  o-f  *r '  .  What  this  means  is  that  we  have  a 
well  close  to  5  eV's  deep  at  beam  currents  o-f  500 
microamps.  This  well  can  therefore  act  as  an  ion 
trap.  Hence,  since  xenon  has  such  a  high  ionization 
cross  section  as  well  as  heavily  populated 
autoionizing  states  we  can  well  visualize  a  copious 
supply  o-f  ions  available  to  -fall  into  this  well. 
Using  an  ionization  cross  section  -for  Xenon  of  5  x 
10"”***cm^  and  a  velocity  for  the  xenon  ion  as  3  x  10^ 
cm/sec  we  calculate  'filling '  of  the  well  at  a  xenon 
pressure  of  0.3  mTorr.  These  have  been  rough 
calculations  but  one  can  feel  assured  that  the  well 
would  be  neutralized  for  Xenon  pressure  below  1 
mTorr.  What  this  means  is  that  we  have  a  plasma 
with  a  larger  than  thought  concentration  of  xenon 
ions  lying  in  the  beam.  Consistant  with  this  line 
of  thinking  is  the  observation  that  at  low  pressures 
the  onset  potential  is  several  volts  high.  As  the 
pressure  of  the  gas  increases  then  the  onset  lowers 
and  even  reaches  a  point  where  it  is  lower  than  the 
true  onset.  Many  of  the  figures  which  are  presented 
as  overlays  of  one  function  upon  another  have  been 
shifted  in  order  that  the  onsets  match... some  I  have 
not  shifted  and  the  true  relative  onsets  are 
displayed.  See  Figures  (12),  (13)  and  (15).  Such  a 
large  concentration  of  ions  enables  us  to  produce 


more  Xe2+  via  process  1  in  Table  I  than  originally 
thought  possible.  Also,  radiative  recombination, 

Xe+  +  e  — >  Xe*  +  photon, 

can  become  prominant.  Each  of  these  result  in  a 
population  of  excited  xenon  atoms  which  is  pressure 
sensitive. 

Mhat  happens  when  large  quantities  of  Helium 
are  added?  Shuker  (19)  in  examining  Penning 
ionization  in  He/Xe  mixtures  observed  that  with  low 
partial  pressures  of  Xenon  (such  as  1  mTorr) 
dissociative  recombination  is  neglible  and  radiative 
recombination  became  the  dominant  mechanism.  Also, 
our  *  e-beam  ion  trap’  becomes  'clogged*  with  He*. 
The  net  result  is  to  decrease  the  population  of 
various  xenon  levels  due  to  dissociative  and 
radiative  rocombi nation.  Also,  when  150  wTorr  of 
Helium  is  introduced,  time  between  collisions  drops 
from  500  microsec  to  several  hundred  nanosecs.  This 
can  affect  some  of  the  excited  states  whose 
lifetimes  approach  these  values.  The  effect  is  to 
relax  them  to  lower  levels  and  again  change  the 
population  schemes  of  various  levels  due  to  cascade, 
hie  are  presently  developing  rate  equations  to 
determine  if  such  mechanisms  would  produce  the 
necessary  yield  of  excited  states. 
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The  optical  cross-secti  ons  -for  those  levels 


whose  excitation  functions  are  displayed  in  this 
report  are  presented  in  Table  1 1  on  the  next  page. 
These  cross-secti ons  are  given  for  an  electron 
energy  of  15  eV* s  at  a  pressure  of  4  mTorr.  Even 
though  this  pressure  is  one  in  which  we  find 
distortion  present  in  many  of  the  excitation 
functions,  the  distortion  begins  about  25  eV’s.  It 
would  be  much  more  preferred  to  actually  obtain 
these  cross  sections  at  pressures  below  0.5  mTorr 
but  at  such  pressures  the  signals  are  extremely  weak 
anu  long  count  times  are  required. .. we  simply  did 
not  have  enough  time.  To  obtain  apparent 

cross-sections  for  the  levels,  one  can  utilize 
branching  ratios  (20), (21)  to  obtain  those  optical 
cross  sections  not  measured.  For  the  most  part, 
these  cross  sections  are  good  to  302.  Below  400  nm, 
the  standardization  procedure  was  hampered  by  large 
amounts  of  scattered  light  with  the  available 
detection  system  and  errors  of  507.  would  not  be 


unexpected. 


6p<3/2,2>  — >  6s (3/2, 2) 


904.3  nm 


9.8  x  10~AtJ 


6p(5/2,3)  — >  6s (3/2, 2) 

881.9 

43.0 

6d(3/2,2)  — >  6p (1/2,1) 

873.9 

6.3 

7p( 1/2,0)  — >  6s’ (1/2,1) 

837.6 

1.5 

6p (3/2, 1 >  — >  6s (3/2,2) 

840.9 

6.4 

6p( 1/2,0)  -->  6s (3/2, 1) 

828.0 

13.0 

6p’ (1/2,1)  — >  6s’ (1/2,1) 

826.6 

1.0 

6p(3/2,2)  — >  6s (3/2, 2) 

823.2 

19.7 

6p’ (3/2,1)  — >  6s’ (1/2,1) 

820.6 

1.7 

6p’ (1/2,0)  -->  6s’ (1/2, 1) 

788.7 

2.2 

6p’(l/2, 1)  — >  6s’ (1/2,0) 

764.2 

0.9 

3d’ (3/2,3)  — >  6p(3/2,2) 

733.6 

1.3 

7d (7/2,4)  -->  6p (S/2,3) 

711.9 

1.0 

7d<7/2,3)  -->  6p (3/2, 2) 

688.2 

0.7 

lid (7/2,3)  -->  6p (3/2,2) 

348.8 

0.03 

6+  (3/2,1)  — >  6s’ (1/2,0) 

339.3 

0.05 

6p’ (3/2,2)  — >  6s (3/2, 1) 

473.4 

0.  12 

7p(3/2,3)  — >  6s (3/2, 2) 

467.  1 

0.6 

6p’ (1/2,0)  — >  6s (3/2, 1) 

438.3 

0.  14 

Bp (1/2,0)  -->  6s (3/2, 1) 

407.9 

0.11 

9p( 1/2,0)  -->  6s (3/2, 1 > 

380.9 

0.04 

llp(l/2,0)  — >  6s<3/2, 1) 

338.7 

0.01 

cm 
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The  electron  excitation  functions  of  atomic  xenon  have, 
in  general,  been  found  to  be  quite  sensitive  to  pressure.  A 
fact  hitherto  undetected  by  previous  workers.  The  source  of 
this  sensitivity  has  offered  to  us  a  very  challenging 
problem.  Lending  to  the  confusion  is  that  those  states 
which  are  pressure  sensitive  appear  to  be  randomly  selected. 

In_ajri*r*li.-w*-c*n  .a*y  _ il _ °ns _ _ monitor _ tM 

•xcitation  function*  of  atomic  x»non.  he  should  work  at 
BaUiOl  *t  or  below  500  microTorr. 

After  reviewing  many  possibilities  for  the  pressure 
distortions,  we  are  led  to  believe  that  what  we  are  seeing 
in  the  collision  region  is  a  plasma  effect.  Due  to  the  high 
ionization  cross  section  of  xenon  and  its  very  poor 
mobility,  the  xenon  ions  are  becoming  trapped  in  the  beam. 
This  high  concentration  of  Xe*  enables  the  production  of 
Xe2*  with  the  subsequent  dissociative  recombi nation 
producing  excited  xenon  atoms. 

Further  work  should  be  concerned  with  two  areas: 

1)  Investigation  of  the  trapped  ion  theory  and 

2)  Electron  impact  cross  section  of  the  3d  levels  which 


give  rise  to  the  mid-infrared  laser  lines. 


The  second  area  above  is  very  important  in  that  to 
fully  appreciate  the  effects  u'  slectronic  excitation  by 
electron  impact  on  laser  ga  n  one  must  know  these  cross 
sections.  The  testing  of  the  trapped  ion  theory  is  going  to 
require  much  experimental  creativity.  In  general,  the  x*non 
atom  is  a  complex  atom  and  great  finesse  is  needed  in 
dealing  with  it. 
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ABSTRACT 


This  study  compared  reading  comprehension  between  reading  verbal  text  with 
a  graph,  and  reading  verbal  text  without  a  graph.  Eye  movements  in  reading 
were  monitored,  recorded,  and  analyzed  to  examine  patterns  of  interaction 
between  text  reading  and  graph  viewing.  Results  showed  that  (a)  text  reading 
with  graph  slightly  but  not  significantly  improved  reading  comprehension  of 
the  text,  (b)  reading  text  with  graph  decreased  both  reading  time  and  the 
number  of  eye  fixations  on  the  text  and  (c)  the  graph  was  attended  primarily 
in  the  second  half  a  reading  period,  especially  In  the  final  quarter.  An 
Implication  of  using  eye  tracking  techniques  to  study  reading  was  discussed. 
Some  limitations  of  the  study  were  observed  and  a  follow-on  study  with  changes 
In  sampling  and  design  was  recommended. 
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It  is  a  common  practice  for  authors  of  textbooks  and  scientific  papers  to 
include  graphs,  diagrams,  charts,  tables  and  pictures  in  the  text.  The 
underlying  rationale  of  the  practice  appears  to  be  that  pictures  are  vivid, 
spatial  and  are  better-recalled  than  words  (Oallett  and  Wilcox,  1968;  Haber, 
1970;  Nelson,  Metzler  and  Reed,  1974;  Pavio,  1974;  Pavio,  Rogers  and  Smythe, 
1968).  It  is,  therefore,  expected  by  text  authors  that  properly  designed,  and 
displayed  pictorial  materials  will  assist  readers  in  reading  and  recalling 
verbally  presented  texts.  Little  attention,  however,  has  been  given  to 
ascertaining  the  extent  to  which  reading  comprehension  is  improved  due  to 
inclusion  of  pictorial  materials. 

In  view  of  recent  progress  in  using  sophisticated  eye  tracking  equipment 
to  study  perceptual  processes  in  reading,  Well  (1983)  suggested  that 
contrasting  the  findings  from  work  in  text  reading  and  in  complex  scene 
perception  should  lead  to  deeper  insights  in  both  domains.  In  line  with 
Well's  suggestion,  Loftus  (1983)  has  compared  the  similarities  and  differences 
between  the  two  domains  in  terms  of  the  “useful  field-of-view",  “sequential 
predictability"  and  “temporal  requirement  for  completing  perceptual 
processing."  In  fact,  almost  all  activities  involve  some  interaction  between 
the  two  systems  (Spoehr  and  Lehmkuhle,  1982).  However,  the  limited  number  of 
studies  on  coordinating  text  reading  and  picture  viewing  (Carpenter  and  Just, 
1975;  Clark  and  Chase,  1972;  Glushko  and  Cooper,  1978;  Pezdek,  1977;  Potter 
and  Faulconer,  1975)  have  not  identified  a  mechanism  by  which  the  two  systems 
Interact  In  comprehension. 

Eye  movements  in  reading  reflect  visual  attention  and  cognitive  processes 
(Just  and  Carpenter,  1980;  Rayner,  1978;  Remington,  1978).  Eye  fixations, 
saccades  and  regressions,  though  indirect  measures  of  cognitive  processes,  are 
so  far  the  best  Indices  of  attentional  and  hence  information  processing  in 
reading.  The  technology  of  monitoring  eye  movements  can,  therefore,  be  ustd 
to  record  a  reader's  attentional  distribution  when  pictorial  Illustrations  are 
presented  along  with  printed  verbal  reading  materials. 

The  purpose  of  the  present  study  was  to  examine  the  effect  of  graphic  data 
on  reading  comprehension.  Specifically,  a  comparison  was  made  between  reading 
verbal  texts  with  and  without  an  accompanying  graph.  To  Identify  patterns  of 
visual  Interaction  between  text  reading  and  graph  viewing,  eye  movements 
including  fixations,  saccades  and  regressions  were  recorded  and  analyzed. 

METHOD 


Subject 

Six  adults,  two  females  and  four  males,  were  requested  to  participate  In 
various  reading  tasks.  Their  educational  attainment  ranged  from  BS  to  PhD 
degrees.  All  subjects  had  normal  vision  and  no  Indication  of  any  eye  diseases. 

Material  and  Design 

The  reading  materials  consisted  of  three  sets  of  verbal  text  (VI,  V2,  V3) 
with  their  corresponding  graphs  (Gl,  G2,  G3).  The  length  of  the  three  reading 
texts  was  83  words  for  VI,  94  words  for  V2,  and  108  words  for  V3.  The  VI  and 
Gl  were  selected  and  revised  from  Bell,  Loomis  and  Cervone  (1982),  the  V2  and 
62  from  Foster  and  Gavelek  (1983)  and  the  V3  and  63  from  Bayley  (1970).  An 
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additional  reading  task  (PG)  was  selected  and  modified  from  Tilly,  et  al, 
(1982)  for  practice  before  formal  reading  took  place.  All  reading  materials 
were  taken  from  scientific  research  reports  whose  level  of  reading  difficulty 
was  appropriate  for  the  subjects  selected. 

Alt  texts  were  typed  with  prestige  elite  letters,  12  characters  per  Inch. 
The  texts  were  left-margin  justified.  Since  the  study  required  a  text-only 
reading  task  and  text-graph  combination  reading  task,  the  displacement  of  the 
two  reading  tasks  varied.  For  the  text-only  reading  task,  there  was  no  graph 
and  no  reference  to  any  figure  in  the  text.  For  the  text-graph  combination 
reading  task,  a  graph  was  placed  beneath  the  text  and  a  "see  Figure  X"  was 
indicated  early  in  the  text.  In  either  case,  the  center  of  reading  materials 
always  overlapped  the  center  of  the  calibration  chart. 

Reading  comprehension  was  measured  with  a  multiple-choice  quiz  for  each 
test.  The  number  of  items  was  five  for  Quiz  VI,  seven  for  Quiz  V2  and  seven 
for  Quiz  V3.  The  10-point  scale  was  used  to  convert  test  scores. 

To  test  the  effect  of  presence  or  absence  of  graphic  information  on 
text  reading  comprehension,  each  subject  went  through  three  reading 
conditions:  Condition  1  consisted  of  repeated  readings  of  the  same  text-only 
reading  material,  Condition  2  consisted  of  a  text-only  reading  followed  by  a 
text-graph  combination  of  the  same  text;  Condition  3  consisted  of  a  text-graph 
combination  reading  followed  by  the  same  text  without  a  graph.  The  order  of 
the  three  reading  conditions  for  each  subject  was  randomized  to  minimize  any 
specific  order  effect. 

Instrument 


A  Gulf  and  Western  Eye-Movement  Monitor  Model  200  was  used  to  monitor  eye 
fixations  and  saccades  In  reading.  The  device  uses  low  level,  Invisible 
infrared  eye  illumination  and  synchronous  detection  of  the  reflected  signals. 
The  Instrument  measures  horizontal  position  of  the  eye  over  a  range  of 
approximately  +20  degrees  with  an  accuracy  of  one  deqree.  For  measuring 
vertical  eye  movements,  the  range  is  +10  degrees  (up)  and  -20  degrees  (down) 
with  an  accuracy  of  approximately  1  degree. 

Other  Instruments,  such  as  a  Hitachi  CCTV  camera,  an  ITC  Ikegami  9-inch  TV 
monitor  and  a  strip-chart  recorder  were  also  used  to  monitor  and  record  the 
data. 

Procedure 


The  subject  was  told  that  the  purpose  of  the  study  was  to  Identify  eye 
movement  patterns  in  normal  reading.  The  subject  was  also  Informed  about  the 
reading  tasks,  calibration  procedure  and  required  activities  during  the 
studly.  During  the  Initial  warm-up  conversation  (about  the  subject's 
Interests,  career,  etc.),  the  bitebar  for  stabilizing  head  position  was 
prepared.  When  the  subject  was  seated  in  front  of  the  eye-movement  monitor, 
alignments  and  adjustments  were  made  for  calibration  and  reading.  A  12-point 
(30  deg  X  30  deg)  calibration  chart  was  used  for  each  of  the  reading 
materials.  The  horizontal  eye  movement  of  the  left  eye  and  the  vertical  eye 
movement  of  the  right  eye  were  simultaneously  monitored. 


The  reading  materials  were  placed  14  inches  from  the  subject's  eyes.  The 
size  and  visual  angle  of  the  three  reading  materials  were: 


Size. (in) 

Visual  anqle  ( deq ) 

Size  (in) 

Visual  anqle  (deq) 

vT“ 

V2 

V3 

6.75  X  2.33 
6.75  X  3.00 
6.75  X  3.33 

2?.l  X  9.5 

27.1  X  12.2 

27.1  X  13.6 

vTgT 

V2G2 

V3G3 

6.75  X  6.33 
6.75  X  7.00 
6.75  X  7.00 

- 27TX2S.5 

27.1  X  28.1 

27.1  X  28.1 

After  calibration  and  performance  of  the  practice  task,  the  subject 
proceeded  with  three  reading  conditions  in  random  order.  At  the  end  of  the 
each  reading  condition  the  subject  was  removed  from  the  apparatus  and  given 
the  appropriate  quiz.  Then  the  subject  returned  to  the  monitor  and  resumed 
his/her  reading  position  for  recalibration  and  reading.  Concurrently,  the 
recording  of  eye  movements  was  carried  out  throughout  the  calibration  and 
reading. 

RESULTS 

Reading  Comprehension 

The  means  and  standard  deviations  of  the  reading  comprehension  score 
across  the  six  subjects  were  respectively  7.5  and  3.20  for  reading  Condition 
1  (text-text),  9.0  and  1.15  for  reading  Condition  2  (text-text/graph),  and  9.5 
and  0.50  for  reading  Condition  3  ( text/graph- text).  The  data  show  that  under 
Conditions  2  and  3,  in  which  a  graph  was  once  presented  along  with  the  text, 
the  mean  comprehension  scores  were  higher  and  scores  were  less  variables  than 
the  comprehension  score  under  Condition  1. 

The  trend  in  favor  of  Conditions  2  and  3  on  reading  comprehension, 
however,  was  not  statistically  significant  by  a  one-way  ANOVA,  within-subjects 
repeated  measures  design,  the  results  of  which  are  presented  in  Table  1.  That 
is,  for  the  data  collected  in  the  present  study,  the  mean  differences  In 
reading  comprehension  were  not  significant  between  presence  and  absence  of  a 
graph  in  the  reading  text. 

TABLE  1 

ANOVA  Of  Reading  Comprehension  Scores  In  Three  Reading  Conditions 


Source  of  Variance 

SS 

df 

MS 

F 

Between  Subjects 

20 

5 

4.0 

Within  Subjects 

64 

12 

5.3 

Reading  Conditions 

13 

2 

6.5 

1.27  (n.s. ) 

Eye  Movements 

An  analysis  of  analog  eye  movements  data  from  the  strip  chart  recordings 
was  conducted  in  terms  of  the  mean  of  (a)  total  time  spend  in  reading,  (b) 
number  of  fixations,  (c)  number  of  regressions  and  (d)  fixation  duration. 

As  shown  in  Table  3,  reading  time  for  all  three  conditions  decreased 
substantially  as  the  result  of  the  first  reading.  Although  this  was  normally 
expected,  the  initial  reading  time  for  the  text  itself  was  remarkably  short 
for  Condition  3,  wherein  a  text-graph  combined  reading  material  was  presented 
first.  Similarly,  reading  time  for  the  second  reading  in  Condition  3  was  also 
much  shorter  than  in  the  second  reading  of  the  other  two  conditions. 

TABLE  2 

Reading  Time,  Number  of  Fixations  and  Regressions  and  Fixation  Duration 


Deading  Condition 


Total  Reading  Time  (sec) 

First  Reading 

Second  Reading 

43.8 

30.2 

46.7 

31.1* 

33.9* 

22.8 

imp 

.  «  * 

■  .  • 

Number  of  Fixations 

First  Reading 

148 

163 

121 

Second  Reading 

103 

109 

83 

Number  of  Regressions 

First  Reading 

23 

27 

22 

.;o\ 

Second  Reading 

14 

17 

11 

w . 

Mean  Fixation  Duration  (ms) 

First  Reading 

234.7 

218.2 

219.5 

*  «  *  *  «*  m" 

Second  Reading 

191.7 

220.0 

213.3 

♦For  the  text  only 

The  advantage  of  Condition  3  over 

Conditions  1  and  2 

was  further 

onstrated  by  virtue  of  the  smaller 

number  of  fixations 

on  the 

text  evident 

V 

during  reading.  Data  in  Table  3  showed  a  clear  numerical  advantage  In 
fixations  for  both  first  and  second  readings  in  Condition  3  over  those  of 
other  reading  conditions.  The  fixation  frequencies  of  the  second  reading 
under  both  Conditions  1  and  2  were  similar,  as  were  their  total  reading  times. 

The  number  of  regressions  decreased  from  first  to  second  reading  for  all 
reading  conditions  although  differences  among  conditions  were  negligible. 
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The  mean  fixation  time  or  fixation  duration  was  computed  by  dividing  the 
total  reading  time  less  saccade  time  by  the  number  of  fixations.  As  shown  in 
Table  3,  the  fixation  duration  was  relatively  constant  for  both  first  and 
second  readings  across  the  three  conditions. 

A  question  of  interest  concerns  the  relative  degree  of  attention  accorded 
the  graph  during  the  course  of  reading.  To  answer  this  question,  the  vertical 
eye  movement  data,  which  were  used  to  detect  changes  in  visual  attention 
between  the  text  and  the  graph,  were  further  analyzed.  Results  of  the 
analysis  are  displayed  in  Figure  1. 


Insert  Figure  1  Here 


As  can  be  seen  in  the  Figure,  about  36%  (for  Condition  2)  and  43%  (for 
Condition  3)  of  total  reading  time  was  spent  in  viewing  graphs  and 
approximately  80%  of  graph  viewing  took  place  in  the  second  half  of  the 
reading  period,  particularly  in  the  final  quarter. 

Within  this  general  pattern  of  the  text-graph  eye-view  interaction,  an 
individual  idiosyncracy  appeared  to  be  functioning  across  different  contents 
of  the  text.  In  Conditions  2  and  3,  for  example,  subjects  C  and  E  both  looked 
at  the  graph  about  twice:  one  in  an  earlier  stage  and  the  other  at  the  end  of 
the  reading  period. 


DISCUSSION 

The  results  of  an  analysis  of  reading  comprehension,  coupled  with 
examinations  of  eye  movement  patterns,  indicated  that  given  the  stimulus 
materials  and  measurement  design  employed  in  the  present  study,  presence  of  a 
graph  did  not  significantly  increase  comprehension  of  text,  but  did  result  in 
less  reading  time  and  fewer  eye  fixations  for  the  text. 

A  finding  of  particular  Interest  Is  that  an  initial  reading  with  text  and 

?raph  in  Condition  3  was  characterized  by  having  shorter  reading  time  and 
ewer  eye  fixations  while  maintaining  relatively  high  reading  comprehension. 

Since  the  time  spent  in  viewing  the  graph  was  shorter  for  the  first 
reading  of  Condition  3  (18.8  seconds)  than  for  the  second  reading  of  Condition 
2  (23.2  seconds),  it  is  reasonable  to  speculate  that  in  Condition  2  the  graph 
appears  to  serve  the  reader  primarily  for  verification  purposes  rather  than 
for  comprehension  of  the  text. 

Another  interesting  finding  is  that  most  subjects  delayed  their  attention 
to  the  graph  until  the  text  reading  was  completed,  although  their  attention  to 
the  graph  was  called  for  (by  “see  Figure  X")  early  in  the  reading. 

Apparently,  the  subject  did  not  want  to  be  disrupted  during  reading.  Or,  the 
role  of  a  graph  In  text  reading  has  not  been  properly  defined. 

One  plausible  reason  for  nonsignificant  differences  in  comprehension  among 
three  reading  conditions  could  be  the  lack  of  a  specific  instruction  on  time 
allowed  to  finish  a  reading.  Subjects  were  told  to  "read  normally"  and  "not 
to  study."  They  were,  however,  reminded  that  a  comprehension  quiz  would  be 


administered  upon  completion  of  every  second  reading.  Apparently,  having  a 
quiz  after  reading  influenced  subjects*  desire  to  read  carefully  and  thus 
increased  their  reading  time  enormously.  Some  subjects,  for  example,  went 
over  a  paragraph  more  than  three  times  and  exceeded  60  seconds  for  a  paragraph 
of  less  than  ten  lines.  Thus  a  possible  graphic  effect  on  comprehension  was 
“swamped"  in  high  comprehension  test  scores  in  the  two  conditions. 

Another  plausible  reason  was  that  the  subject  appeared  to  have 
difficulties  In  getting  used  to  reading  under  laboratory  conditions.  The 
subject  was  surrounded  by  Instruments,  being  on  a  bitebar,  being  bodily  still 
for  minutes  and  burdened  with  tedious  calibrations  before  reading. 

Although  the  above  methodological  problems  and  the  artificiality  of  the 
laboratory  situation  remain  to  be  improved,  one  implication  from  the  present 
study  can  be  drawn.  Research  on  how  to  integrate  graphic  information  and  the 
verbal  text  to  enhance  readers*  comprehension  and  short-term  and  long-term 
memory  has  been  astonishingly  lacking.  The  present  study,  an  effort  to 
investigate  the  text-graph  Interaction  in  reading  through  current  eye  tracking 
and  recording  techniques,  is  a  step  toward  better  understanding  of  reading 
behavior.  For  an  optimal  level  of  comprehension  and  memory  in  reading, 
strategies  should  be  developed  to  Induce  proper  Interactions  between  the 
verbal  text  and  the  picture.  Studies  of  this  kind  should  have  a  great  Impact 
on  existing  editorial  guidelines  which  commonly  neglect  how  pictures  can  be 
much  more  intelligently  used  to  Improve  comprehension  and  memory  of  the  text 
reading. 

RECOMMENDATIONS 

In  the  present  study,  the  following  limitations  were  observed:  (a)  The 
population  from  which  the  sample  was  drawn  was  limited  and,  therefore,  biased; 
(b)  The  duration  of  the  study  was  too  short  to  allow  adequate  data  collection, 
analysis.  Interpretation;  (c)  Other  strategies  (different  experimental  designs 
and  data  analyses)  for  conducting  this  research  were  unable  to  be  tested  due 
to  time  and  resource  limitations. 

it  Is,  therefore,  recommended  that  a  follow-on  study  be  conducted  to  (a) 
adequately  cope  with  the  above  limitations  and  (b)  further  enhance  our 
understanding  of  the  Interactive  effects  of  text  and  pictorial  representation 
of  Information. 
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ABSTRACT 


Partition  coefficients  fcr  dibromomethane  for  saline,  rat  bile, 
corn  oil,  and  mineral  oil  were  determined  by  gas  absorption.  Dibromo¬ 
methane  was  orally  dosed  to  rats  in  saline  at  10,  20,  50,  and  100 
mg/kg  and  the  resulting  time  course  for  blood  concentrations  of  the 
parent  compound  and  carfcoxyhemoglobin  were  measured.  The  time  traces 
were  simulated  using  a  physiological  toxicokinetic  model  including 
partitioning  to  various  body  compartments,  first-order  absorption  from 
the  gut  lumen,  liver  metabolism,  kidney  excretion,  and  exhalation. 

The  model  could  not  accurately  simulate  the  experimental  data  with  a 
single  first-order  absorption  coefficient  applied  to  all  the  dosages. 
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I.  INTRODUCTION 


A  physiologically-based  (PB)  pharmacokinetic  model  was  developed 
by  Ramsey  and  Andersen  (1983)  to  describe  the  behavior  of  styrene  in 
rats  and  humans.  The  model  proved  capable  of  relating  the  applied 
dosages  of  styrene  to  measured  internal  concentrations  in  blood  and 
tissues.  Good  agreement  was  achieved  between  predicted  and  measured 
styrene  levels  in  blood  and  fat  for  rats  and  humans  with  a  single  set 
of  physiological  and  biochemical  constants. 

Ramsey  and  Andersen  (1983)  also  attempted  to  model  the  uptake  of 
styrene  after  both  iv  and  oral  dosing.  The  iv  dosage  experiment  of 
Withey  and  Collins  (1977)  was  successfully  described  with  the 
physiological  and  biochemical  constants  used  to  model  Ramsey  and 
Andersen’s  data  from  inhalation  experiments.  In  addition,  the  results 
of  the  po  dose  experiment  of  Withey  (1976)  were  described  by  the  model 
assuming  first-order  absorption  from  the  gut  lumen  (first-order 
absorption  constant,  ka,  equal  to  5.5/hr).  However,  styrene 
administered  in  vegetable  oil  (Withey,  1976)  could  not  be  successfully 
modelled  assuming  either  first-order  absorption,  zero-order  absorption, 
or  a  combination  of  the  two. 

The  PB  pharmacokinetic  modeling  approach  has  been  further 
developed  to  describe  the  kinetics  of  halogenated  methanes.  In 
particular,  dibromome thane  has  been  chosen  for  further  research 
because  of  its  lipophilic  nature,  known  metabolic  pathways,  and  ease 
of  measurement  of  both  the  parent  compound  and  the  metabolic  products 
of  bromide  and  carbon  monoxide  (as  carboxyhemoglobin) .  This  reseach 
problem  was  similiar  to  the  work  conducted  by  the  senior  author  for 
the  Environmental  Protection  Agency  concerning  absorption  of  priority 
pollutants  by  invertebrates,  and  as  such,  he  was  assigned  to  the  Air 
Force  Aerospace  Medical  Research  Laboratory  (AFAMRL),  Wright-Patterson 
AFB,  Ohio,  for  his  summer  faculty  appointment. 


II.  OBJECTIVES 


The  objective  of  this  research  was  to  further  examine  the 
mechanisms  of  absorption  of  dibromome thane  (DBM)  after  intragastric 
administration.  This  research  was  designed  to  complement  on-going 
studies  of  DBM  administration  by  inhalation  and  intravenous  injection 
at  the  AFAMRL.  Due  to  time  constraints,  the  DBM  was  administered  only 
in  saline  and  distilled  water. 

III.  METHODS 

Dibromome thane 


The  halogenated  methanes  are  widely  used  in  medicine  and 
industry,  and  have  recently  been  shown  to  be  produced  in  the 
chlorination  of  fresh  and  saline  waters.  Dibromome thane  has  low 
mammalian  toxicity;  it  is  rapidly  metabolized  by  the  P-450  mixed 
function  oxidase  system  to  carbon  monoxide,  and  by  a  glutathione 
transferase  pathway  to  carbon  dioxide  (Anders  et  al.#  1977). 

Animals 

Male  Fischer  344  (CDF)  rats  weighing  190  to  250  g  were  maintained 
in  a  constant  temperature  and  humidity  chamber.  Water  and  feed  were 
provided  ad  libitum  during  holding.  Food  was  removed  for  at  least  16 
hours  prior  to  dosing. 

To  allow  serial  blood  sampling,  a  polyethylene  cannula  was 
inserted  into  the  right  jugular  vein  after  anesthesia  with  an  ip  dose 
of  70%  ketamlne-30Z  xylazlne.  The  cannula  was  filled  with  a  10% 
heparin-saline  solution  to  prevent  clotting. 


For  experiments  involving  dosage  into  the  small  intestine,  a 
midline  incision  was  made  and  a  flexible  tubing  cannula  Inserted  into 
the  duodenum  just  below  the  entrance  of  the  bile  duct.  The  cannula 
was  sutured  to  the  intestine  wall  and  exteriorized  through  the 
peritoneal  cavity  wall.  For  experiments  involving  ligation  of  the 
small  Intestine,  a  loop  of  suture  was  placed  around  the  duodenum  and 
tied  with  a  slip  knot;  just  before  dosing  the  slip  knot  was  held  in 
place  with  a  piece  of  small  diameter  Tygon  tubing  and  tightened 
securely. 

Partition  Coefficients 

Partition  coefficients  for  DBM  in  saline,  rat  bile,  corn  oil,  and 
mineral  oil  were  determined  by  gas  absorption  as  described  by  Sato  and 
Nakajima  (1979).  Bile  was  obtained  by  cannulation  of  the  bile  duct 
and  collection  overnight.  The  partition  coefficients  of  various 
dilutions  of  corn  oil  and  mineral  oil  with  bile  were  also  measured  to 
determine  if  the  emulsification  of  the  oils  by  bile  altered  the  DBM 
partitioning. 


Experimental 

DBM  was  dosed  at  levels  from  10  to  100  mg/kg.  Stock  dosing 
solutions  were  made  in  saline  and  distilled  water.  The  DBM  was 
administered  in  a  total  volume  of  2  ml  with  a  glass  syringe  and 
stainless  steel  gavage  needle.  DBM  concentrations  of  the  stock 
solutions  were  measured  before  each  dose  by  gas  chromatography  after 
dilution  in  hexane.  DBM  was  dosed  at  levels  from  10  to  100  mg/kg. 

After  dosing,  blood  was  withdrawn  at  specified  time  Intervals  for 
up  to  6  hr  from  the  jugular  cannula  and  analyzed  for  DBM  and 
carboxyhemoglobln.  The  DBM  was  extracted  from  a  20  pi  blood  sample 
with  500  pi  of  hexane  in  a  glass  vial.  One  pi  samples  were  then 


quantified  by  GC  analysis  (HP  5880,  10%  SE  30  stainless  steel  column, 
EC  detector).  Carboxyhemoglobin  levels  were  determined  with  4  yl 
samples  by  the  method  of  Rodkey  et  al.  (1979).  At  the  end  of  each 
run,  2  ml  of  blood  were  drawn  from  each  animal  and  centrifuged;  1  ml 
of  plasma  was  decanted  and  frozen.  These  plasma  samples  were  later 
analyzed  for  bromide  with  a  specific  Ion  electrode;  samples  were 
prepared  by  precipitating  soluble  protein  with  3  ml  of  10%  TCA  and 
Ionic  strength  adjustment  with  sodium  nitrate.  Total  body  burden  of 
bromide  was  calculated  assuming  a  volume  of  distribution  of  0.34 
liters/kg. 

IV.  PHYSIOLOGICAL  MODEL 


The  physiological  model  used  to  model  the  experimental  data  is 
described  in  detail  by  Ramsey  and  Andersen  (1983).  The  DBM  is 
absorbed  from  the  gut  lumen  assuming  first-order  kinetics  and 
distributed  to  body  compartments  of  fat,  muscle,  rapidly-perfused 
tissue,  and  liver.  Metabolism  occurs  in  the  liver  or  other 
metabolizing  tissues  by  Mlchaelis-Menten  kinetics.  DBM  entering  each 
tissue  by  arterial  blood  is  assumed  to  be  rapidly  dispersed  throughout 
the  tissue  volume;  venous  blood  leaving  each  tissue  is  assumed  to  be 
in  equilibrium  with  the  tissue  concentration  based  upon  the  blood  to 
tissue  partition  coefficient.  DBM  in  alveolar  air  is  assumed  to 
equilibrate  with  the  arterial  blood  and  the  alveolar  air  leaving  the 
lung  carries  an  amount  of  DBM  based  upon  the  blood  to  air  partition 
coefficient.  /The  coefficients  and  their  values  used  in  the  models  are 
listed  in  Table  1. 

V.  RESULTS 


Partition  Coefficients 


The  partition  coefficients  for  saline,  rat  bile,  mineral  oil,  and 
corn  oil  were  determined  to  be  (mean  ±  1  standard  error)  14.1  ±  2.0, 
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Table  1 

Parameter  Used  for  the  Physiological  Model 


Parameter 


Maximum  utilization  rate 

Half  velocity  coefficient 

Liver  partition  coefficient 

Fat  partition  coefficient 

Slowly  perfused  tissue  partition  coefficient 

Rapidly  perfused  tissue  partition  coefficient 

Blood  partition  coefficient 

Liver  weight 

Organ  weight 

Fat  weight 

Muscle  weight 

Haldane  coefficient  for  rat  hemoglobin 

Pulmonary  ventilation 

Cardiac  output 

Blood  volume 

Lung  diffusivity 

Liver  blood  flow 

Fat  blood  flow 

Slowly  perfused  tissue  blood  flow 
Rapidly  perfused  tissue  blood  flow 
Organ  blood  flow 


Value 


20  mg /kg/hr 
0.36  mg/1 
0.919 
10.6 
0.546 
0.9 

74.1 

4%  of  body  weight 
5%  of  body  weight 
7%  of  body  weight 
75%  of  body  weight 
150 

11  1/hr 

13.1  1/hr 
59  ml 

0.05  1/hr  mm  Hg 
25%  of  cardiac  output 
9%  of  cardiac  output 
15%  of  cardiac  output 
9%  of  cardiac  output 
51%  of  cardiac  output 


18.1  ±  4.5,  374  ±  4,  and  837  ±  5,  respectively.  The  saline  value 
compared  closely  with  previously  detarmined  values  at  AFAMRL  of  14.4  ± 
0.4. 


The  measured  partition  coefficients  for  the  mixtures  of  saline, 
corn  oil,  and  mineral  oil  with  bile  are  shown  in  Figure  1.  The 
predicted  values  are  based  upon  linear  addition  of  the  partition 
coefficients.  The  close  agreement  between  measured  and  predicted 
values  indicates  that  emulsification  of  fats  by  bile  does  not  alter 
the  partition  coefficients  for  DBM. 

Dosing  in  Saline 

DBM  and  HbCO  Levels.  The  measured  blood  concentrations  for  DBM 
and  carboxyhemoglobin  (HbCO)  for  dosages  of  10,  25,  50  and  100  mg/kg 
are  shown  in  Figures  2  through  9.  All  curves  show  a  rapid  increase  in 
DBM  concentration  with  the  maximum  blood  level  achieved  within  15 
minutes.  Peak  DBM  blood  levels  were  a  function  of  the  dosage  in  mg/kg 
(6,  14,  40,  and  60  mg/1  for  dosages  of  10,  25,  50  and  100  mg/kg, 
respectively).  The  carboxyhemoglobin  levels  exhibited  a 
characteristic  bell~shaped  curve,  following  the  blood  level  with  a 
significant  lag  period.  Liver  metabolism  of  DBM  saturates  at  blood 
levels  of  about  2  mg/1  (6  times  Km  of  0.34  mg/1),  thus  significant 
decreases  in  HbCO  are  not  achieved  until  the  DBM  blood  levels  are 
below  this  value. 

Bromide  Body  Burdens.  The  total  body  bromide  measured  at  the  end 
of  each  experiment  varied  from  43  to  160  per  cent  of  the  equivalent 
bromide  in  the  administered  DBM  assuming  a  volume  of  distribution  of 
0.34  llters/kg  (Table  2).  Values  less  than  100  could  be  due  to 
incomplete  absorption  or  exhalation;  values  greater  than  100  may  be 
due  to  inaccuracies  in  dosage  or  decreased  volumes  of  distribution  due 
to  bleeding  and  dehydration.  Using  the  same  techniques,  Archer  (1983) 
obtained  a  range  of  bromide  levels  from  58  to  141  per  cent  of  bromide 
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Figure  4.  Dibronoae thane  Blood  Level  versus  TLae  for  25  MG/KG  Dose 
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Figure  8.  Dibromome thane  Blood  Level  versus  Time  for  100  MG/KG  Dose 
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Figure  9.  Carboxyhemoglobin  versus  Time  for  100  MG/KG  Dose 


rv.  s  4 


equivalent  dosage  for  iv  administration  (dosages  of  15  to  65  mg/kg). 
Exhalation  can  result  in  a  loss  of  up  to  20  per  cent  of  the  DBM  at 
large  blood  levels  as  shown  by  the  predicted  bromide  levels  in  Table  2. 
These  values  were  obtained  from  simulations  assuming  first-order  uptake 
from  the  gut  lumen  using  the  physiological  model;  these  simulations 
predicted  blood  levels  of  DBM  approximately  equal  to  the  measured 
values,  and  as  such,  should  closely  model  the  exhalation  of  DBM.  In 
general,  lower  bromide  recoveries  were  observed  at  higher  dosages 
where  greater  exhalation  and  less  complete  metabolism  would  be 
expected.  It  does  appear,  however,  that  with  negligible  exhalation 
bromide  levels  in  the  blood  are  greater  than  100  per  cent  of  the  dosed 
bromide,  probably  due  to  incomplete  diffusion  of  the  bromide 
throughout  the  volume  of  distribution. 

Gastric  Emptying.  The  release  of  fluids  from  the  stomach  is 
thought  to  significantly  affect  the  absorption  of  chemicals  from  the 
gut  lumen.  This  occurs  due  to  the  specialized  physiology  of  the  small 
intestine  for  absorption  including  high  surface  areas  and  extensive 
capillary  networks  that  results  in  much  more  rapid  uptake  than  occurs 
through  the  stomach  wall.  Clements  et  al.  (1978)  showed  that  gastric 
emptying  in  humans  was  an  exponential  function,  but  could  be  mono-  or 
bl-phaslc  with  significant  intervals  of  no  emptying.  The  emptying 
function  significantly  influenced  the  kinetics  of  acetaminophen 
absorption  by  delaying  transport  to  the  small  intestine.  Wlthey 
(1976)  noted  significant  fluctuations  in  blood  concentration  versus 
time  traces  for  po  dosages  to  rats  of  vinyl  chloride;  he  attributed 
such  transients  to  gastric  emptying. 

The  induction  of  transients  In  the  DBM  blood  levels  after  dosage 
in  saline  was  observed  in  some  runs.  Two  of  the  most  significant 
examples  from  the  July  8  and  July  12  experiments  are  plotted  again  in 
Figure  10;  in  both  cases,  large  fluctuations  are  observed  which  could 
be  attributed  to  periodic  release  from  the  stomach.  The  lack  of  such 
fluctuations  in  other  data  may  be  due  to  smaller  and  more  frequent 
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emptying  or  the  fluctuations  may  have  been  missed  due  to  the  large 
sampling  intervals.  Any  physiologically  based  model  of  absorption 
from  the  gut  should  Include  gastric  emptying;  the  appropriate 
mathematical  formulations  are  described  in  detail  by  Clements  et  al., 
1983. 


In  several  instances  sharp  increases  in  DBM  blood  concentrations 
were  measured  2  to  A  hr  after  dosage;  specific  examples  are  shown  in 
Figure  2  where  the  DBM  levels  rose  to  3.8  and  12.2  mg/1.  Such  large 
increases  would  not  be  expected  from  gastric  emptying  2.5  hr  after 
dosing.  These  results  suggest  that  some  mechanism  exists  to  store  DBM 
in  a  pool  that  then  discharges  into  the  blood;  most  likely  these 
inputs  are  DBM  in  the  lymph  system  that  discharges  from  the  intestines 
into  the  vena  cava  Just  below  the  point  of  sampling  from  the  jugular 
cannula. 

Further  research  probably  should  Include  experiments  to  quantify 
ths  effect  of  lymph  transport  on  the  distribution  of  the  DBM. 
Specifically,  it  should  be  possible  to  cannulate  the  intestinal  lymph 
duct  and  sample  parent  compound  concentrations  directly  (Warshaw, 
1972). 

Physiological  Modelling.  The  physiological  model  described 
previously  was  ustd  to  simulate  the  four  dosages  of  DBM  in  saline 
(Figures  11  through  1A).  The  absorption  from  the  gut  was  assumed  to 
be  first-order  which  would  most  closely  approximate  a  blood  flow 
limited  case.  The  first-order  absorption  coefficients  that  provided  a 
reasonable  fit  to  the  experimental  data  were  10/hr  for  the  10  mg/kg 
dosage,  5/hr  for  the  25  and  50  ag/kg  dosages,  and  2/hr  for  the  100 
mg/kg  dosage.  Examination  of  Figures  11  through  1A  clearly  shows  that 
the  model  gives  the  best  predictions  of  both  the  DBM  and  HbCO  levels 
at  the  lower  dosages.  If  the  first-order  absorption  coefficients  for 
the  higher  dosages  are  chosen  to  allow  the  Initial  peak  of  DBM  In  the 
blood  to  match  the  experimental  data,  then  the  DBM  levels  In  the  blood 
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drop  too  quickly,  which  in  turn  causes  the  HbCO  levels  to  decrease  too 
rapidly  as  compared  to  the  data.  If  the  physiological  model  was 
altered  to  include  dlffuslonal  effects  so  that  the  transport  of  the 
DBM  became  perfusion  limited  and  not  exactly  first-order  (see  Winne, 
1978  for  a  review  of  this  approach),  the  opposite  effect  would  be 
expected  in  that  transport  would  be  retarded  at  lower  dosage  levels. 
This  retardation  effect  may  be  due  to  transport  in  the  intestinal 
lymph  system;  the  incorporation  of  the  lymph  system  in  the 
physiological  model  has  been  initiated  at  AFAMRL  and  the  data  in 
Figures  2-9  will  be  used  to  verify  the  model. 

Dosage  into  the  Small  Intestine 

In  an  attempt  to  overcome  the  complexities  of  gastric  emptying 
upon  the  resulting  blood  level  concentrations,  DBM  in  2  ml  of  saline 
was  dosed  directly  into  the  duodenum  through  an  intestinal  cannula. 

The  DBM  in  blood  versus  time  curve  (Figure  15)  was  somewhat  less  than 
the  corresponding  curve  for  oral  dosage  (Figure  6);  less  total 
metabolism  also  occurred  as  indicated  by  the  measured  bromide  levels 
of  88  and  76  per  cent  of  the  equlvllant  dosed  bromide  levels.  The 
reasons  for  the  smaller  blood  levels  of  DBM  and  the  bromide  body 
burdens  are  unknown.  It  was  noted,  however,  that  all  the  animals 
where  the  peritoneal  cavity  was  opened  showed  high  levels  of 
post-operative  stress;  this  may  have  resulted  in  less  blood  flow  to 
the  entire  digestive  system,  and  lower  absorption. 

Dosage  after  Intestinal  Ligation 

To  determine  the  rate  of  DBM  absorption  dlractly  from  the 
stomach,  experiments  were  conducted  with  oral  dosing  of  DBM  In  2  ml  of 
saline  after  ligation  of  the  Intestine  with  suture.  This  procedure 
resulted  In  severe  distress  In  the  animals  and  corresponding  lack  of 
metabolism  of  the  DBM;  the  DBM  levels  In  the  blood  rose  to  about 
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Figure  15.  Dibro**c»ethane  Blood  Level  versus  Time  for  50  MG/KG  Dose  into  Intestine 


10  mg/1  and  remained  constant  as  the  HbCO  levels  decreased  to  0  per 
cent  (Figures  16  and  17).  These  experiments  were  conducted  with 
animals  from  Lot  CO-5  which  was  found  to  produce  erratic  results  for 
the  oil  dosages.  It  is  unknown  whether  the  Inconclusive  results 
occurred  from  the  surgical  stress  or  from  the  lot  of  defective  rats. 
These  results  did  show  that  DBM  can  be  rapidly  absorbed  from  the 
stomach  with  levels  reaching  about  15  mg/1  within  a  few  minutes. 
However,  the  stress  on  the  animals  precludes  any  interpretation  of  the 
importance  of  the  stomach  in  overall  absorption  from  the  gut. 

Dosage  in  Distilled  Water 

The  absorption  of  a  water  soluble  chemical  from  the  gut  involves 
the  two  processes  of  passive  diffusion  and  convection  in  the  water 
absorption.  Water  is  absorbed  directly  through  pores  in  the  intestine 
wall,  and  as  such,  could  act  as  a  carrier  of  small  soluble  chemicals. 
Distilled  water  is  known  to  remain  in  the  gut  longer  than  saline  as 
salts  are  absorbed  until  isotonic  conditions  are  achieved.  The 
resulting  DBM  blood  concentration  and  HbCO  levels  versus  time  for 
dosage  of  50  mg/kg  are  shown  in  Figures  18  and  19;  comparison  to 
Figures  6  and  7  shows  lower  DBM  and  HbCO  levels  than  resulted  from 
equivalent  saline  dosages.  Lower  metabolism  was  also  shown  in  the 
bromide  levels  of  77  and  82  per  cent  (no  bromide  sample  obtained  from 
the  July  15  run)  of  the  equivalent  bromide  dose  (Table  2).  The  reason 
for  this  lower  bloavallabllity  is  unknown;  however,  distilled  water  is 
known  to  stimulate  intestinal  lymph  flows  which  may  contribute  to 
storage  of  a  portion  of  the  DBM  in  the  lymph  system. 

VI.  COHCLUSION 


Based  upon  this  research,  it  is  concluded  that: 

1.  The  vehlcle:alr  partition  coefficients  of  saline,  rat  bile, 
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corn  oil,  and  mineral  oil  for  DBM  are  14,  18,  374,  and  837  g/g, 
respectively. 

2.  Emulsification  by  bile  does  not  alter  the  partition 
coefficients  of  DBM  to  corn  or  mineral  oil. 

3.  DMB  is  rapidly  absorbed  from  the  gut  lumen  after  dosing  in 
saline  with  no  significant  lag  periods. 

4.  Measured  bromide  levels  exceed  by  about  25  per  cent  the 
predicted  levels  based  upon  the  bromide  equivalents  in  DBM. 

5.  The  physiological  model  assuming  first-order  absorption  from 
the  gut  is  Inadequate  to  describe  the  DBM  blood  and  carboxyhemoglobin 
concentration  versus  time  f>r  oral  dosage  in  saline  at  all  four  doses. 

VII.  RECOMMENDATIONS 


1.  Further  research  is  needed  to  determine  the  time  course  of 
gastric  emptying  in  rats  and  the  Influence  of  this  phenomenon  upon  the 
absorption  from  the  gut  lumen.  Present  physiological  models  have  an 
lndequate  data  base  to  include  this  phenomenon  to  describe  chemical 
transport. 


2.  Physiological  models  need  to  be  expanded  to  Include  chemical 
transport  through  the  lymph  system.  Such  alteration  needs  to  include 
intestinal  lymph  flow  rates,  partition  coefficients  to  lymph  fluids, 
and  delays  between  dosing  and  transport  of  the  lymph  fluid  to  the 
blood. 

3.  Other  dosing  vehicles  need  to  be  examined  to  detemlne  the 
effect  on  the  absorption  of  DBM  from  the  gut  lumen  of  partition 
coefficients,  degradability,  and  lymphatic  transport. 
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